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A bstract
The reaction e+e~ —> )i+fi~ has been observed by the AMY Detector 
52 GeV <  yfs < 57 GeV at the TRISTAN storage ring in Tsukuba, Japan. W ith 
an integrated luminosity of 18.6 p b -1, this presents a  new test of the standard 
model of the electroweak interactions in this previously unexplored energy re­
gion. The forward-backward charge asymm etry and the cross-section calculated 
at the various energies show agreement with the standard  model predictions. The 
products of the vector and the axial-vector coupling constants of the electron and 
muon extracted from these measurements are also consistent w ith theory. The 
d a ta  were combined at the average energy of y/s =  55.2 GeV. The measured 
asym m etry and cross-section are — 34.4 ±  7.7 % and 29.7 ±  2.1 pb respectively. 
This is in agreement with the standard  model prediction of —28.3 % for the 
asymm etry and 29.5 pb for the cross-section. The product of the axial couplings, 
9a 9a  =  0.29 ±  0.07, and the product of the vector couplings, gygy  =  0.01 ±  0.06, 
agree w ith the standard  model predictions of 0.25 and .002 for these respective 
constants.
x
C hapter 1
In trod u ction
The AMY Detector at the TRISTAN e+e~ storage ring has accum ulated 18.6 
p b -1 of da ta  at the highest energies presently accessible in e+e“ annihilation: 
52 < a/s <  57 GeV. The detector with its design emphasis on good m omentum 
resolution and optim um  lepton identification provides new high-quality d a ta  with 
which to test the standard  model of the electroweak interactions [1]. This thesis 
presents m easurem ents of e+e~ —> observed by the AMY D etector in order
to test the  standard  model in this previously unexplored energy region.
Because of the  low background rate and the precision with which the final 
state particles can be m easured, the leptonic reaction e+e_ —> fj.+n~ provides 
a sensitive and unambiguous test of the theory of the electroweak interactions. 
Previous measurements with high statistics at both  PETRA[2] and P E P [3] are 
in good agreement w ith the standard  model. Although the statistics at AMY 
are comparably limited, the measurements of e+e“ —> (jL+h~ are interesting and 
significant because the higher values of center-of-mass (c.m.) energies lead to
1
a large forward-backward charge asymmetry. According to the standard  model 
this asymm etry is due to  the interference between the weak interaction mediated 
by the neutral boson Z°  and the electromagnetic interaction m ediated by the 
photon. Indeed as shown in Figure 1.1, the charge asym m etry is predicted to 
be at its maximum negative value near the TRISTAN energy region. It is to be 
noted th a t except for the direct observation of the Z°,  the precise determ ination 
of the forward-backward asym m etry in e+e-  —» react ions is the single most 
im portant m easurement to test the idea of the unified electromagnetic and weak 
theory [4] .
From the asymm etry measurements, the product of the axial-vector couplings 
of the electron and muon can then be extracted. This provides a  direct test of 
the universality of lepton interactions as postulated by the standard  model. The 
model also predicts a rise in the ratio, R ^ ,  of the e+e-  —> cross-section to
the QED cross-section due to  photon exchange. R ^  is plotted as a function of a/s 
in Figure 1.2. The increase in the cross-section is proportional to the product of 
the vector couplings and because the value of these constants is small, far larger 
da ta  samples than  currently available are required before any definite conclusion 
can be made on the agreement of R w  with the standard  model prediction.
This thesis begins with a brief description of the standard  model of the elec­
troweak interactions for leptons. The expressions leading to the differential cross- 
section for the reaction e+e-  —» are also described. These lead to the
prediction th a t muons are preferentially produced in the backward direction at
30.5
QED
0.0
-0 .5
TRISTAN
- 1.0
75 100 125 15025 50
Vs (GeV )
Figure 1.1: The forward-backward charge asym m etry as a  function of c.m. energy. 
The dashed lines indicate the designed energy region for TRISTAN operation.
4Standard Model
TRISTAN
QED
0020 40 60
Vs (GeV)
Figure 1.2: The ratio , R ^ ,  as a function of c.m. energy.
energies below the Z°  pole. C hapter 3 describes the AMY Detector in detail. A 
brief description of the TRISTAN accelerator facility is also given. A descrip­
tion of the AMY d a ta  acquisition system follows in C hapter 4. It also outlines 
the procedures followed in the off-line reduction of AMY data. The criteria for 
event selection are discussed in C hapter 5. Here the characteristics of the event 
sample are described. The purity  of the sample is assessed by comparisons made 
w ith the known characteristics of the various background reactions. The various 
corrections and other contributing factors th a t go into calculating the angular dis­
tribution and cross-section are discussed in C hapter 6. The actual measurements 
of these quantities are found in Chapters 7 and 8 . The relevant physical quantities 
are then extracted and a direct comparison with the theory is made. The data 
are further used to  test a physical concept beyond the context of the standard 
model, the compositeness of leptons. This is particularly significant because this 
idea will be closely investigated in the next generation of particle accelerators. 
Finally, the conclusions are given in C hapter 9.
C hapter 2
T he Standard M odel o f  E lectrow eak  
Interactions
A gauge theory unifying the weak and electromagnetic interactions was pro­
posed by Glashow (1961), Weinberg (1967) and Salam (1968) [1,5-8]. The theory 
is based on the gauge group SU(2)x U (l)  which, in its unbroken form, calls for the 
existence of four massless vector bosons. The bosons W * (*=1,2,3) are the gauge 
fields of the weak isospin group SU(2) whose interaction is described by a coupling 
constant g. The B M boson is the gauge field of the weak hypercharge group U (l) 
whose coupling is given by g'. Their interaction with a Higgs field is introduced 
and local gauge invariance is broken. Three of the bosons then acquire masses as 
a result of spontaneous symm etry breaking. The fourth boson remains massless 
and is identified as the photon. In this chapter, the standard  (GWS) model of 
the electroweak interactions for leptons is summarized and the expressions for 
the differential cross-section and the forward-backward charge asymm etry for the 
reaction e+e" —► g+fi~ are derived.
6
72.1 T he G W S M odel
The reader is referred to  Appendix A for the details of the GWS theory of the 
weak and electromagnetic interactions. It suffices to give a brief sum m ary of the 
theory here [1].
The standard  model Lagrangian is obtained by requiring gauge invariance 
under local S U (2)xU (l) symm etry transform ations. After spontaneous symmetry 
breaking, the part describing the interaction between the leptons, I  =  e,/^,r, and 
the gauge field bosons is given by the following:
£  =  \  +  h.c.) +  (2 .1)
V  M M y / 2  V M '  COS 0 W
The angle $w is called the weak-mixing or Weinberg angle. The other symbols 
th a t appear in this equation are all defined in Appendix A.
The first two term s give the lepton mass and its interaction with the Higgs 
field. The th ird  term  is the usual electromagnetic interaction where the current
Jf"  = h „ Q ‘l  (2.2)
couples to the massless photon field
=  sinflvvW^ -f cos 9WBp. (2.3)
The weak charged current in the fourth term
J ° C =  (2.4)
8couples to the massive charged boson fields
w ?  =  ^  { K * W D -  (2-5)
The last term  describes the weak interaction of the neutral Z  boson with the 
neutral current
J " C =  (ffv ~  ffA7s) *l>t (2.6)
where
g*v = T 3 — 2 sin2 6wQt
A  =  T 3 (2.7)
are the vector and axial-vector coupling constants of the lepton respectively. The 
th ird  component, T 3, of the weak isospin is equal to  —1/2  for the leptons e ,/j,r, 
and + 1 /2  for their corresponding neutrinos. Qe is the electromagnetic charge.
Therefore, according to  the standard  model, the reaction e+e-  —► pro­
ceeds through the exchange of a virtual photon or a  virtual Z°  boson. The lowest 
order Feynman diagram s are given in Figure 2.1 below.
The amplitudes corresponding to the photon, and Z  boson, M z ,  ex­
change diagram s are [8] 
e 2
M 1 = — -(/z7 ^//)(e7^e)
9
k 4 92 r- o f  n /* 5^  i ( m  -Mz =  - I''7 &  ‘ 1 -  M l .  ) *
[?7A { t l  -  SaI*)  e] • (2 .8)
4Figure 2 .1: The lowest order Feynman diagram s of the reaction e+e
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2.2 T h e D ifferential C ross-section  for e+e~ —» pi+ /i~
If the reaction
e+e“ —>■ p +p~
were m ediated by the photon alone, the production of muons at any center-of- 
mass energy, y/s, would be symmetric since the QED angular distribution is given 
by
do a 2 / , \ „
s  =  - ( l + c o s ^ )  (2.9)
where 0 is defined as the angle between the e~ beam  and the outgoing p~. The 
to ta l cross-section is then inversely proportional to  s :
4ira2
= I T -  (21°)
According to  the standard  model, there are two possible exchange channels for 
the reaction e+e-  —► pT as shown in Figure 2.1. The interference between these 
two exchange channels causes a  forward-backward asym m etry in the production of 
muons wherein more muons are produced in the backward hemisphere (0 > t v / 2) 
than  are produced in the forward hemisphere (0 <  7t / 2 ).
The differential cross-section for muon-pair production to  the lowest order in 
a 2 is given by [8]
%  =  <2 - n >
where and M z  are given by Eq. 2.8. In M.Z-, the masses of the muon and
electron can be neglected in comparison to the Z°  mass; hence the second term
11
in the Z-boson  propagator drops out. The four-momentum, q, of the virtual 7 or 
Z°  is given by q2 ~  s. Rewriting
9v +  9 A lh =  9R-z ( l  -  75 ) +  9l ~ ( l  +  75)
where
(2 .12)
9 l  =  gv +  9 a
9r = gv -  9A, (2.13)
M  z  can be w ritten explicitly in term s of right- and left-handed spinors
M .z  = - f4 cos2 6w(s — M |0) [sKOvo'V/i) + 'jU pl-^pl)] [hU pr'/^r) + gVfiLineL)}
(2.14)
We can also write
e2 r
^ 7  =  {(v r ^ V r ) + { f i L ' f  Hl )\ [(efi7/jefl) +  {eLlp e L)\.  (2.15)
H
As all the four terms in both  and A4Z have definite electron and muon 
helicities, a particular combination corresponds to one of the following:
^  ( eZei? /^Z/4) = ^ ( 1  +  cos0)2 | l  +  x 9l 9l I2
d<J (eLeR ^ V R V l )  =  -  cos0)2 |l  +  X9r9l \2
..2
dSl
da
dQ,
da
d£l
(vr^l Vr Vl ) =  ^ 0 -  +  cos0)2 |l  +  X9r 9r \2
2
(  e R e L  —*■ V l ^ r )  = -  cos0)2 |l  +  X9l9r\‘
where x  is a  function of s
X(s) 4 cos2 9w sin Ow
(2.16)
(2.17)
and Tz ° is the w idth of the  Z°.  Since Tz° «  M z °, this last term  in the 
denom inator is often ignored as for example in Eq. 2.14. The differential cross-
= = l + 2 9 ^ f l e x M + [ t o ) J +  « ) 2] [(sX)2 +  « ) 2] IxMl2- (2.20)
The term s proportional to  R e x (s ) come from the interference of the 7 -Z0
R-vn gives a  measure of the deviation of the cross-section from  the point- like QED 
cross-section, cr0.
The so-called forward-backward asymmetry, A ^  is largely determ ined by the 
term  B ^ .  To show this, we define a forward cross-section, <jp, and a backward 
cross-section, a s , respectively as
section for unpolarized e+e —> reactions is then given by the average over
the four allowed L,R helicity combinations, i.e.
where
= 4,g‘Ag^Rex(s )  + 8g'A9Ag'v9v\x(9)\2 (2.19)
and
am plitudes while the terms proportional to  |x (5) |2 are due entirely to weak effects.
(2 .21)
Because of the presence of a term  linear in cos# in Eq. 2.18 , ctf and erg are not
equal. The forward-backward charge asymmetry, A ^ ,  is defined as
13
A simple substitution yields the result
3 Bfiu.
A-  =  s n t '  ^
Experimentally, this is obtained by counting the num ber of dimuon events with 
the fi~ produced in the forward hemisphere, Np,  and those with the fi~ produced 
in the backward hemisphere, N b  ■ The asym m etry is then given by
N f - N b  ,
( 2 ' 2 4 )
The comparison between theoretical and experim ental results is done in detail in 
Chapter 8.
To a good degree of approxim ation, Eq. 2.23 reduces to
A ^  =  ^R e x ( s )g eAgA- (2.25)
The significance of this equation is now apparent. Firstly, since Rex{s)  is negative 
at c.m. energies below M zo, Eq. 2.23 predicts negative asymmetries at these 
energies. (See Figure 1.1.) This means th a t muons produced in the backward
hemisphere are greater in num ber than  those produced in the forward hemisphere.
In particular, the negative asymm etry is near the m aximum in the TRISTAN 
energy region. Secondly, A w  is sensitive to the axial couplings, gA, alone. Eq. 
2.25 can then be used to extract the product of the axial couplings of the electron 
and the muon given the asymm etry measurement. The last thing th a t should be 
mentioned here is th a t the standard  model predicts an increase in the cross-section 
for dimuon production above the QED value. (See Figure 1.2.) This increase is
14
given by Eq. 2.20 and it is a small quantity since it is proportional to the product 
of the vector coupling constants of the electron and muon, gygy.  The standard 
model predicts gygy  =  .002 for sin2 0w = 0.23 .
\
C hap ter 3
T he A M Y  D etec to r  at T R IS T A N
The AMY Experim ent is one of four experiments being conducted at the 
TRISTAN e+e“ storage ring in the Japan  National Laboratory for High Energy 
Physics (KEK). It is an international collaboration of over 100 physicists from 
18 different institutions in four countries : the U.S.A., Japan , Korea and China 
(Figure 3.1).
The design and assembly of the AMY Detector was s tarted  in 1984. It was 
rolled into the collision point at the Oho Experim ental Hall on November 23, 
1986. The first e+e~ collision was observed by the detector 3 weeks later at a 
beam  energy of 25 GeV.
This chapter gives an overview of the TRISTAN accelerator and the AMY 
Detector.
15
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3.1 T h e T R IS T A N  A ccelerator
The TRISTAN accelerator shown in Figure 3.2 is an electron-positron colliding 
beam  facility with a design luminosity of ~  1031 cm-2s-1 a t a  c.m. energy of 60 
GeV [9]. On November 14, 1986 the first e+e“ collisions were achieved at a beam 
energy of 25 GeV with a peak luminosity of 2.6 x 1029 cm -2s-1 .
The TRISTAN main ring of circumference 3 km, consists of four 200-m long 
straight sections and four 550-m long arc sections. Electrons (positrons) grouped 
into two 1.17-cm bunches circulate clockwise (counterclockwise) around the main 
ring. The bunches are m ade to collide at four intersection points in the straight 
sections where the detectors are located. To compensate for the energy loss due 
to  synchrotron radiation, R F accelerating cavities are employed in the straight 
sections.
The electron and positron beams are subjected to  a series of accelerating 
potentials before circulating around the m ain ring. Electrons produced at 30 
MeV are accelerated to 2.5 GeV in the 396-m LINAC. Positrons are generated 
by pair production through the bom bardm ent of a  tan talum  target with a  10-A, 
200-MeV electron beam. They are accelerated to 250 MeV before injection into 
the LINAC. The 2.5 GeV electron and positron beams are subsequently fed into 
the 377-m circumference accum ulation ring where they are further accelerated 
to  8 GeV. W hen the accumulated current reaches 5 mA, the beams are then 
injected into the TRISTAN m ain ring. The injection-accumulation-acceleration- 
storage cycle repeats every 1 - 2  hours because the electron-positron bunches lose
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Figure 3.2: The TRISTAN accelerator facility at KEK in Tsukuba,Japan.
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intensity through interactions of the beam with the walls of the vacuum pipe 
(beam-wall) and with the residual gas in the vacuum pipe (beam-gas).
3.2 T h e A M Y  D etecto r
The AMY Detector is a compact, high-resolution detector optimized for lepton 
identification. The high magnetic field provides the capability of doing precise 
m easurem ents of m om entum  in a  small volume. The detector shown in Figure 3.3 
consists of central tracking detectors and electromagnetic shower counters located 
inside a 3 Tesla solenoidal magnet coil surrounding the interaction region. The 
coil is contained in a steel flux re tu rn  followed by a drift cham ber/scintillation 
counter muon identification system. The end cap region is covered by a lead 
scintillator calorimeter together w ith a proportional tube array.
The local coordinates are defined in the following manner. The origin is set 
a t the interaction point at the center of the AMY Detector. The positive z-axis 
points along the direction of the e~ beam , the positive y-axis points toward the 
center of TRISTAN m ain ring and the positive x-axis points vertically upwards. 
The polar coordinates, r , 6 and <f>, are defined in the usual way i.e.,
r  =  y jx2 -f y2 +  z 2
6 =  cos-1 — (3.1)r
<j> = ta n -1 —.
x
Brief descriptions of the m ajor components of the detector follow [10]. The
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AMY Muon Scintillation Counter System is described in detail in Appendix B. 
The preparation, installation and maintenance of th is system was the au thor’s 
prim ary hardw are responsibility on this experiment.
An event display is given in Figure 5.1 showing a typical e+e“ —> event
in the AMY Detector. Figure 5.2 shows the tracks of a  hadronic event in the 
central drift chamber.
3.2.1 T h e Inner Tracking C ham ber (IT C )
The beam  pipe has a radius of 10 cm. It is surrounded by an inner tracking 
cham ber which measures the vertex of charged particles w ith a  resolution of 85 
/j,m. As shown in Figure 3.4, it consists of a 4-layer cylindrical array of tube type 
drift cells; each layer has 144 wires. It extends from a radius of 12.2 cm to 14.3 
cm. It has an effective length of 55 cm. The diam eters of the tubes th a t fill the 
cham ber range from 5.45 mm in layer 1 to  6.1 mm in layer 4. The tubes are made 
of plastic and coated on the inside with aluminum.
The anode wires are m aintained at 1700 V. A uniform  drift velocity of 45 
m /nsec is achieved with the use of a mixed gas (50 % Ar +  50% C2H6) pressur­
ized a t 1.48 N /cm 2.
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Figure 3.4: The inner tracking chamber.
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3.2.2  T he C entral D rift C ham ber (C D C )
The central drift chamber configuration consists of a 6-band structure with 
each band having a different length and strung from different pairs of end rings. 
This configuration is shown in Figures 3.5 and 3.6. The innerm ost band has 5 
axial cylinders of wires; the 5 outerm ost bands each have 4 axial and 3 stereo 
cylinders making a  to tal of 40 layers. The axial wires are oriented parallel to the 
2-axis while the stereo wires are slanted from 4° to  5° w ith respect to the z-axis. 
The length of the wires ranges from 94 cm at the innerm ost band to  180 cm at 
the outerm ost band. The CDC extends from an inner radius of 15 cm to  an outer 
radius of 65 cm.
The band structure  provides the ability to  do fast track finding. The staggering 
of the length which keeps each band as short as possible in 2 minimizes effects 
of background radiation and reduces the  problems associated w ith curling tracks. 
The arrangem ent also maximizes the stereo angle at a  particu lar radius resulting 
in a  better resolution in 2 .
The to tal num ber of wires in the CDC is 32072 of which 9048 are 20-/^m gold- 
plated tungsten sense wires and the rest are 160-/^m gold-plated alum inum  field 
shaping wires. The sense wires are m aintained at 1800 V while the field wires are 
at ground. The cham ber is filled with 89% Ar +  10%CO2 +  1% CH4 (HRS) gas. 
The signals from the sense wires are amplified using pream p boards mounted on 
the end plates of the CDC. The signals then go into am plifier/discrim inator cards
24
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high momentum track factor
Figure 3.7: The CDC cell configuration.
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m ounted on the iron structure  of the detector. The logic signals from these cards 
are then sent to the TA C/ADC system in the electronics hut. For a description 
of this system, the reader is referred to  C hapter 4.
Six field wires and one sense wire make up a  hexagonal drift cell. The hexag­
onal closed packed structure is shown in Figure 3.7. The drift velocity is uniform 
over a cell and from  cell to  cell. This geometry also results in equal drift time 
surfaces which are very nearly circular even at a field of 3 Tesla. The CDC can 
reconstruct tracks in the region | cos 9\ < 0.85 with, good m om entum  resolution. 
For the version of the track fitting program  used in this analysis, the position 
resolution is 215 p m  and the m om entum  resolution is A p x /p r  =  0.9%pr- These 
were obtained using a  sample of Bhabha scattering events (e+e“ —► e+e“ ).
3.2.3  T h e Show er C ounter (SH C )
High energy electrons and photons attenuate in m atter through a succession 
of radiation loss (brem sstrahlung) and pair production; a  process called electro­
magnetic showering. A device th a t measures the energy deposit in m atter due to 
electromagnetic showering is called a  calorimeter or shower counter.
The AMY calorimeter, where lateral and longitudinal segmentation is em pha­
sized, provides the capability to  distinguish single 7 ’s from 7r°’s and to  identify 
electrons even when they are embedded in jets. The active area of the SHC is
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a cylindrical shell of length 220 cm and extends from a radius of 79 cm to  110 
cm. It covers the region | cos0| <  0.73. The detector is divided into six separate 
sextants, each with its own gas volume. Each sextant consists of 20 layers of 
proportional counter tubes m ade from resistive plastic interspersed with layers of 
calcium lead. The to tal thickness corresponds to 14.4 radiation lengths.
The structure  of one layer is shown in detail in Figure 3.8. The anode wire at 
the center of each tube is m aintained a t 2150 V while the tube wall is at ground 
potential. A gas of 49.3% Ar +  49.3 % C2H5 +  1.5% C2H5OH fills the tube. 
High frequency signals from the ionization avalanches within the tubes are picked 
up by cathode arrays etched on copper clad 0.8 m m  thick G-10 boards th a t are 
glued above and below the plastic tubes. Each layer contains two cathode arrays 
consisting of rectangular pads which increase in size with increasing detector 
radius. The </>-pads of w idth 16.4 m rad have their long dimension along the beam 
direction while the 13.5 m rad wide 0-pads have their long dimension perpendicular 
to  the beam  direction. The to tal thickness of each layer exclusive of the lead is 
10.7 mm.
The signals from the cathode pads are ganged together into 5 longitudinal or 
radial segments. The length of the first layer is 1.9X0, the second through the 
fourth ganged layers are each 2.5X0 while the last layer is 5X0, where X Q is one 
radiation length. This is illustrated in Figure 3.9. The anode wire signals are 
ganged azim uthally bu t each of the 20 longitudinal layers are read out separately. 
The raw detector signals are sent directly to the ADC system in the electronics
28
LEAD 3. 5mm
C A T H O D E  R E AD O U T  L I N E S
G-10 C
(f) PADS
3?0.86mm
RESISTIVE
PLASTIC
TUBES
x W w w w w w w x n x^ w w ^ v V 0 . 8  ,
0  m m
onode w ire
G - 10 C
6  P ADS-
7 mm
.0.86
C A TH O D E  R E A D O U T  L I N E S '
LEAD 3 . 5 m m
Figure 3.8: The layer structure in the shower counter.
4  layers
4 l a y e r s f r r  
~ 4  l a y e r s V  
4  layers  
4  l ay e r s
Figure 3.9: The longitudinal segmentation in the shower counter.
29
hut. The cathode signals which are positive are first inverted into negative signals 
by transform ers m ounted on the paddle cards of the ADCs. The anode signals 
from the four outerm ost layers are amplified and used for triggering on highly 
penetrating particles.
The space resolution is found to be 0 $ =  4 m rad, gq =  5 m rad. The energy 
resolution is A E / E  =  23%G eV^/v^EH- 6% after applying corrections due to 
variations in tem perature, pressure and ratio  of the component gases in the tubes 
as well as energy leakage and magnetic field effects.
3.2 .4  T h e M uon Id entification  S ystem
The signature of a  muon will be penetration through the m aterial in the shower 
counter, the solenoidal coil and  the iron yoke which is equivalent to  a to tal iron 
thickness of 1.65 m on average. Muon tagging is done through the combined use 
of a  4-layer drift tube chamber located at the periphery of the iron and a  layer of 
scintillation counters right next to the chambers.
Muon chambers cover the six edges of the hexagonal AMY Detector (Fig. 
3.10). Each chamber is assembled from eight-cell modules. The modules are 
welded together to form a 4-layer drift chamber; the first two layers have axial 
wires and the last two azim uthal wires.
The cells have dimensions of 5cm x 10cm. In the center of each cell is a 100-/xm 
gold plated tungsten anode wire. It is kept at a potential of 3100 V while the
30
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Figure 3.10: The muon chambers covering the six sextants of the AMY Detector.
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walls of the drift tubes are a t ground. The tubes are filled with P10 gas, 90% 
Ar +  10%CH4. The drift velocity is about 40 m m /fisec. The cells are arranged 
such th a t the two axial (azim uthal) layers are staggered by half a  cell. This 
configuration is shown in Figure 3.11. The staggering serves to  resolve whether 
the direction of the drift m otion of the ions is from the left or right side of the 
anode wire, the so-called left-right ambiguity.
The signals from the anode wires axe amplified using LRS 2735B pream p/ 
discrim inator boards m ounted on the ends of the chamber. The logic signals 
are then digitized by the TAG/ADC system in the electronics hut. The muon 
chambers have 1184 channels in to ta l and cover the region | cos 6\ <  0.74.
The scintillation counters m easure the time-of-flight of the particles h itting  the 
muon chambers. These are employed to distinguish muon pairs due to e+e" beam 
interactions from cosmic ray muons. The 158 muon counters are of 5 different 
types. The dimensions range from 150cm x50cm x lcm  to  150cm x 150cm x 2.5cm. 
The bigger scintillators have two photom ultiplier tubes attached at diagonal ends 
and all the smaller counters have only one tube. The scintillator signals go into the 
CAMAC Phillips Scientific 7106 discrim inators located in the electronics hu t and 
are then converted into tim ing inform ation by the FASTBUS TAC system. The 
muon counters cover the surface area of the muon chambers except in the bottom  
sextant where the support structure  for the AMY detector prevents complete 
coverage. Further details of the muon counters are found in Appendix B.
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3.2.5 T he P ole T ip  C ounter (P T C )
The pole tip  shower counter is used to make precise m easurem ents of the 
integrated luminosity using B habha events. It is also used for tagging the presence 
of photons and charged particles.
The PT C  consists of 3 sections : the front section, the plastic tubes section 
and the rear section. This is shown in Figure 3.12. The front and rear sections 
consist of a lead-scintillator sandwich w ith 14 radiation lengths of lead sampled by 
11 planes of 3 m m  thick scintillators. The scintillators are read out via wavelength 
shifters and light guides by photom ultiplier tubes. Between the front and rear 
section is a  plastic tube section th a t consists of cathode pads etched on G10 
boards and resistive plastic tubes w ith anode wires — the same m aterials used in 
the SHC.
The PTC  which covers the polar angles from 260 m rad to 420 m rad has an 
energy resolution of 11% at 28 GeV while the angular resolution is oq — 0.2°, 
<*4, =  0.8°.
3.2.6 T he R ing V eto C ounter (RVC)
The ring veto counter, also called the forward tagging counter, consists of 
2 layers of 15 mm thick lead with 2 layers of 10 mm thick scintillator. This
34
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corresponds to a  to tal thickness of 3.6 radiation lengths. This device is used 
for tagging the presence of charged particles and energetic photons in the region 
between 420 and 750 m rad. This is crucial for m easurem ents which rely on the 
detection of missing transverse m omentum like supersym m etric particle searches. 
For these experiments events which register a  hit in these counters will be rejected.
3.2 .7  T he Forward L um inosity M onitor
A small angle luminosity m onitor is located near the beam  pipe and covers the 
polar angles from 26 m rad to 76 m rad. This device measures the instantaneous 
luminosity thereby monitoring its changes, using small angle B habha scattering 
events. The detector consists of a  lead-scintillator sandwich read out through 
wavelength shifter bars by photodiodes. The 28 scintillators each 6 mm in thick­
ness and the 18 plates of 5mm thick lead th a t make up the detector correspond 
to 17 radiation lengths.
C hapter 4 
D ata  A cq u isition  and Triggering
The seven different kinds of detectors th a t comprise the AMY Detector have a 
to tal of more th an  23000 electronic readout channels. This m agnitude obviously 
demands a d a ta  acquisition system th a t is both  fast and reliable.
The signals from all the detector components of AMY are digitized and read 
out by the FASTBUS system. The on-line com puter system (VAX 11/780) con­
trols the d a ta  taking process. It is connected to  the FASTBUS through a  VAX- 
F P I (VAX FASTBUS Processor Interface) and DR780. The d a ta  are then sent 
to the KEK central com puter (FACOM M382) via a DACU optical link and sub­
sequently stored on disks and cassette tape libraries for off-line analysis. For 
environmental m onitoring and triggering, the CAMAC system is used. It is con­
nected to  the VAX through a serial branch highway (JORWAY).
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4.1 T h e D ata  A cquisition  S ystem
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A schematic diagram of the AMY data  acquisition system is shown in Figure 
4.1. The FASTBUS system th a t it uses is of two types.
The 9048 CDC channels and the 1342 channels of muon chambers and muon 
counters go into 8 crates of K E K /R E PIC  TAC/ADC system. Each crate consists 
of several TAC modules and one Scan ADC module (SADC). The TAC modules 
have 64 channels th a t store tim ing information. The SADC scans all the channels 
of each TAC module. Each channel registering a  hit has its tim e digitized and 
stored in a memory to  be read out by the on-line computer. The TAC/ADC 
crates are connected to the VAX using simplex segment interconnect (SSI).
The TAC (Tim e/A nalog Converter) is a  device th a t converts a  time interval 
into an analog signal. The input signal to the device charges up a capacitor. The 
am ount of stored charge is proportional to the tim e interval. The analog signal is 
then  converted into digital information by the ADC (A nalog/D igital Converter). 
The ou tpu t signal of this device is proportional to  the integral of the  input current 
or the to tal charge in the input pulse from the TAC. For the  duration in which 
the input signal is present, the charge in the input line is stored on a capacitor. 
It is later discharged at a constant ra te  and the oscillator pulses are counted in a 
scaler. The num ber of counts is then proportional to the collected charge.
The Lecroy 1885 ADC system is used for all am plitude measuring detectors. 
This converts the raw pulse heights of the detector signals to  digital information.
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Six crates were used for the 11712 channels of the SHC and one crate for the 
1536 channels of the PTC , ITC, RVC and luminosity m onitor. Each Lecroy ADC 
crate consists of several 1885 ADC modules, one segment manager interface (SMI) 
module and one 1810 calibration and trigger (CAT) module. The CAT which is 
also used for calibration, distributes gate and fast clear signals to  the ADCs. The 
ADC modules which have 96 input channels digitize and store data. The SMI 
reads out all the d a ta  from all the ADC channels, does pedestal subtraction and 
sends the d a ta  to a  Lecroy 1892 memory module from where the VAX reads the 
d a ta  by one block transfer. Further details of the AMY d a ta  acquisition system 
are found in Ref. [11].
4.2 Triggering
4.2.1 B eam  G ate
The beam  crossing at TRISTAN occurs every 5 fisec. To select the few cross­
ings which contain potentially interesting events and to operate within the limits 
imposed by d a ta  handling and storage capabilities, various triggers based on track 
patterns from the ITC and CDC detectors and energy deposition from the SHC 
and PT C  detectors are employed.
Among the 20 triggers employed, at least six respond to dim uon-type events.
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These six triggers prim arily use the ITC and CDC track patterns bu t in addition, 
the h it information from the muon scintillation counters are also used. Moreover, 
the ganged signals from the last 4 layers of the SHC are utilized to trigger on 
minimum ionizing particles. A minimum ionizing track deposits less than  800 
MeV in the SHC.
Since no one trigger is 100% efficient, there is a built-in redundancy in the 
trigger requirem ents to  ensure optim um  overall performance. The following list 
defines the m ain triggers for dimuon events [12]:
• Trigger 13
Two tracks in the ITC; at least 5 track segments in disks 4 through 6 
of the CDC and a m inimum ionizing signal in the  SHC.
• Trigger 14
Two tracks back-to-back in ITC and a t least 4 track segments in disks 
2 and 3 in the CDC.
•  Trigger 21
Two segments each in disks 2 through 6 of the  CDC; at least one good 
track segment in ITC and a minimum ionizing signal in the SHC.
• Trigger 23
Two tracks in the ITC; at least 5 track segments in disks 4 through 6 
of the CDC and 2 hits in the muon scintillation counters.
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• Trigger 24
Two tracks in the ITC; at least 5 track segments in disks 2 through 6 
of the CDC and a  minimum ionizing signal in the SHC.
• Trigger 30
At least one track segment in the ITC and 2 track segments in each of 
the CDC disks.
A track segment is a cluster of hits in adjacent wires recognized as such by a 
hardw are p a tte rn  recognition device called the track segment finder.
The energy deposited by charged particles passing through m atter is due to 
ionization. For particles w ith energies greater than  three times their rest mass 
energies the ionization loss is approximately constant and is much smaller than 
for particles of lower energy. Thus high energy charged particles are commonly 
referred to as “minimum ionizing” particles.
An energy trigger occurs when the analog sum of the first 16 layers of the SHC 
detector exceeds a given threshold. This is the m ain trigger for Bhabha events 
(e+e“ —> e+e~) and hadronic events (e+e“ —> hadrons).
A decision is m ade within 2/isec whether to  read and store the d a ta  or reset 
the FASTBUS modules for the next beam crossing. The trigger ra te  is limited to 
2 Hz to  keep the dead tim e due to  event readout below 5%.
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4.2 .2  C osm ic R ay G ate
Midway between beam crossings, a  cosmic ray gate opens for about the same 
tim e interval as the beam gate. Events triggered when this gate was opened are 
subjected to the same selection and analysis program s as events triggered during 
the beam gate. This provides inform ation on the  level of cosmic ray contamination 
present in our event sample.
4.3 O n-line Softw are
Once a  trigger occurs, the da ta  acquisition processes axe managed by a  m as­
ter program  controller called X PC (Experim ent Process Controller). The process 
called ELOGGER reads d a ta  from the FASTBUS/CAM AC systems and then re­
form ats them  into the TBS format (TRISTAN Bank System). Here the decoding 
from the hardw are address (crate,slot,channel) to  detector related address (sex­
tant,layer,w ire) is done. The process of da ta  logging is done by DLOGGER. This 
program  writes the d a ta  on disk or tape and then sends the  events to  the main 
FACOM com puter through the optical link. There are some other low-priority 
processes th a t take place on-line; like d a ta  sampling and detector monitoring pro­
cesses. The d a ta  buffer transfer between these various on-line processes is done 
by BQM (Buffer Queue M anager).
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The present on-line system software has a  deadtim e of approximately 25 ms 
per event.
4.4 O ff-line A nalysis
The raw d a ta  accum ulated by the AMY detector during the entire 1987 - 1988 
running are stored on 659 volumes of 250-MB magnetic tape. These are grouped 
into a series of da ta  runs where each run  contains about 4000 - 10000 events. A 
d a ta  run  corresponds to  roughly 1-2 hours of operation of the TRISTAN main 
ring in the collision mode. The term ination of a  run  usually coincides w ith the 
term ination of the TRISTAN injection-accumulation-acceleration-storage cycle.
The AMY CDC event reconstruction program  called ACE [13] is applied soon 
after a  d a ta  run ends and minimal selection cuts are m ade on the tracks found 
and the energy deposited in the SHC to filter out beam  gas events and other 
backgrounds. The selected d a ta  am ount to  about 60% of the  raw data. The 
candidate events for the reaction e+e“ —> (J,+fJ,~ are obtained from these selected 
d a ta  files after 2 passes. In the first pass, rough selection criteria are applied 
including loose vertex cuts (i.e. the particles are required to come from the 
interaction region) and m om entum  cuts. After this stage, only 2% of the da ta  
remain. On this reduced da ta  set, the more intensive track fitting program  called 
DUET [13] is employed. The second and last stage involves applying the muon
pair selection criteria to  the events on which DUET has been run. These final 
selection criteria are discussed in detail in the next chapter.
The off-line analysis up to this stage and the on-line program s discussed earlier 
were mainly the  work of o ther members of the AMY collaboration. The final 
selection and analysis of the dimuon events were the sole responsibility of the 
au thor of this thesis who, under the supervision of Professors M etcalf and Imlay, 
did all of the work described in  the remaining chapters.
C hapter 5 
E vent S election  and B ackgrounds
The topology of fx~ events in the AMY Detector is extremely simple: two 
back-to-back tracks in the central detector consistent w ith m inim um  ionizing par­
ticles and hits in the muon detector system consistent w ith the observed tracks. 
The event selection criteria are chosen to  maximize selection efficiency while m in­
imizing events due to  background. The prim ary sources of potential background 
are cosmic rays, tau  pair production, “no tag” e+e~ —> e+e~fi+fi~ two photon 
events and B habha (e+e~ —> e+e“ ) scatters.
In this chapter, the signature for the reaction e+e“ —> is defined and the
criteria by which these events were selected are discussed in detail. A comparison 
with potential background reactions is m ade to assess the purity  of the muon pair 
sample.
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5.1 E vent D escrip tion
A muon pair event
e+e" —► (5 .1)
in the AMY detector has the  following characteristics:
(i) It has two back-to-back tracks.
(ii) Each of these tracks has a  high momentum.
(iii) Each track originates from the interaction point.
(iv) Each track has good tim ing as measured by the muon scintillation counter.
(v) Each track leaves energy deposits consistent w ith a  m inim um  ionizing particle 
in the shower counter.
These characteristics provide the basis by which dimuon events are selected. A 
typical event is shown in Figure 5.1.
The selection criteria for dimuon events are further d ictated by the fact that 
various types of background events also satisfy some of the characteristics men­
tioned in (i) to (v). The Bhabhas share all bu t the last two characteristics. The 
two photon processes e+e_ —> e+e~ /jl+fi~ as well as tau  decay e+e“ —* r +r~  —> 
and the radiative process e+e~ —> fx+fJ,~7  satisfy (iii) - (iv). Further­
more, a  cosmic ray muon can be mistaken for a  fx+\i~ pair if it passes through the 
interaction region. An optim um  elimination of these background reactions from 
the sample is desired. This is usually achieved by employing a set of selection cri­
teria  in which the known characteristics of the various background reactions have 
been considered. Indeed, in practice the actual values th a t go into the various se-
47
>-
s
X O a
fc t
O o •
*  ®  r.<6 *
f| *5 ^
X ^ ljl
Figure 5.1: A typical e+e —> fi+ fi event in the AMY detector.
lection cuts are motivated by a  knowledge of the characteristics of the background 
reactions.
5.2 S election  C riteria
An event observed by the AMY detector is classified as a dimuon event if it 
has a t least two fully reconstructed tracks th a t satisfy all of the following criteria:
• Track quality, <  7.5, Xz < 7-5.
•  Distance of closest approach of the track to the interaction point 
transverse to  beam  axis, R  <  0.3cm;
Distance parallel to  beam  axis from the track to  the interaction point 
a t closest approach, |Z| <  3.0cm.
•  M omentum of track, p  >  0.40Ebeam/c
w ith at least one track having p >  0.50Ebeam/c.
• Acollinearity angle between the two tracks, 6acoi > 170° where
cos 9aco\ = pi • pj /  \pi | \pj | and where pi and pj are the m om enta of the 
tracks.
•  Total energy deposit in the shower counter, E sh w  < 0.20Ebeam-
• Two m atching tracks in opposite sextants are observed in the muon 
chambers. This is inclusive of the requirement th a t | cos 9 |<  0.74.
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•  Tim e relative to beam crossing, T^, for each track as m easured by the 
muon scintillation counters is in the range 0 < <  35 ns.
•  The tim e difference, AT^, between the m uon tracks m ust be in the 
interval —14ns <  A T M < 20 ns.
The track quality, Xr  (Xz)> *s the chi-squared of the fit to the wires hit for 
the reconstructed track in the CDC in the r — <f> (r — z)  plane. Figure 5.2 shows 
the reconstructed tracks of a hadronic event as found by the A C E/D U ET recon­
struction programs.
The tight cuts applied on the R  and Z vertices were m ade in order to  reduce 
cosmic ray background and were chosen by studying the sample of B habha events. 
These cuts elim inate more than  nine-tenths of this background since the cosmic 
ray flux is uniform for all values of R  and Z.
In addition to further reducing the cosmic ray background, the momentum 
requirem ent eliminates most tau  pair and e+e" —>• e+e~fx+fj,~ final states. Both 
processes are characterized by low muon m om enta and large acollinearity angles. 
The acollinearity angle requirem ent, while virtually elim inating such remaining 
events, also reduces the correction necessary for radiative muon pair events.
Most Bhabha events pass all of the vertex and m om entum  cuts mentioned 
above. But since these events are characterized by having large shower energy 
deposits, the to tal shower energy cut eliminates them  entirely. In addition, they 
are marked by the absence of tracks in the muon detector.
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Figure 5.2: The reconstructed tracks of a hadronic event at AMY.
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The muon detector inform ation for the remaining candidates is examined in 
the last stage. At least two muon tracks are required where a muon track is 
defined as one th a t register h its in at least 3 of the 4 muon drift chamber layers.
The value of the cut m ade on the time T^ for each individual muon track is 
derived from a study of acollinear muon events: e+e~ —> e+e~^i+/i~ and e+e" —> 
(jL+H~7 . The tighter cut on A T M on the negative side is necessary because the 
cosmic ray signal peaks at a  value of —20 ns as will be shown later.
5.3 T h e D ata  Sam ple
During the period June 1987 to July 1988, a  to ta l of 8 million triggers were 
collected by the AMY Detector. This corresponds to  /  Ldt  =  18.6 p b -1 of data, 
where L  is the luminosity and 1 pb =  10-36 cm2. O ut of these initial triggers, 
313 events passed all the cuts required by the muon selection criteria. Among 
these candidate events, 7 events were triggered when the Cosmic Ray gate was 
open. These events were subtracted  statistically from the d a ta  sample. T ha t is, 
the final angular distribution is obtained from the difference between the angular 
distributions of the beam  gate event sample and the cosmic ray event sample.
In 6.7% of the d a ta  sample, only one muon counter tim e is available. Events 
like this were accepted in our selection filter to allow for counter inefficiencies 
and because the scintillation counters do not provide complete coverage of the 
muon chambers. After the 26 GeV run, some additional scintillation counters
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were installed and this not only increased the acceptance of the muon counters 
bu t also resulted in a cleaner sample.
For 4 events in the d a ta  sample, the reconstruction program  assigned the same 
sign to both  tracks. This num ber is consistent w ith the present resolution of the 
central drift chamber. In all cases except one, the m om entum  of one track is 
within one standard  deviation of the beam  energy while th a t of the other track 
was more than  five times the beam  energy. It can be rightly assumed th a t it is 
the la tte r track where the reconstruction program  erred in the charge assignment. 
These four events were included in all calculations.
The other characteristics of the d a ta  sample are displayed in Figures 5.3 - 
5.13. The corresponding spectra for the background reactions are shown in the 
succeeding figures for comparison. This is the  subject of the next section.
5.4 C om parison o f D istr ib u tion s
The R  vertex, Z vertex and  m om entum  distributions for the dimuon event 
sample are shown in Figures 5.3 - 5.5 . Similar distributions are also shown for 
the Bhabha events. The two sets of distributions are consistent with each other.
The same distributions for a  sample of cosmic ray events, taken between beam 
crossings, which satisfy the dimuon event criteria w ith loosened vertex and mo­
m entum  cuts and no muon counter timing cuts are shown in Figures 5.6 - 5.7. 
The marked difference between these and the first two sets of distributions is
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Figure 5.3: The R  vertex distributions for the a) e+e~ —> /x+/u_ event sample and 
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Figure 5.5: The m om entum  distributions for the reactions a) e+e_ —► and
b ) e +e" —> e+e~.
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obvious. W hile the R  and Z vertex distributions peak at zero for the dimuon 
event sample, bo th  are flat for cosmic rays. Also the m om entum  distribution of 
the cosmic rays is skewed towards low m om entum  values while th a t of the event 
sample peaks at around the beam  energy.
The tim ing distributions, and A T M for the event sample are shown in 
Figure 5.8 and 5.9. Also shown for comparison in the same figures are those for 
the acollinear dimuon events . Again, the two sets of distributions are consistent 
w ith one another.
The tim e distributions for cosmic ray muons are shown in Figure 5.10 - 5.11. 
A stark  contrast is seen between these distributions and those of the dimuon and 
acollinear muon events. (Figures 5.8 - 5.9). In the la tter group, a  peak around 
14 ns is seen in the T^ spectrum . This reflects the fact th a t a particle originating 
from the interaction point and travelling with the speed of light will h it the muon 
counters roughly 14 ft away w ith a  time of approximately 14 ns. For the cosmic 
ray muons however, the T M spectrum  is flat. Moreover, the AT^ distribution for 
the event sample is observed to  have a  peak near zero which is consistent with 
particles being simultaneously produced at the beam intersection. In contrast, 
the same distribution for the cosmic rays peaks at —20 ns. This is roughly the 
tim e required for a  particle to traverse the muon chambers from top to  bottom . 
W ith a  tim ing resolution of ± 3  ns, the tim e difference requirem ent is sufficient to 
eliminate m ost of the rem aining cosmic ray background.
Finally, the acollinearity angle distribution and the shower counter energy
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Figure 5.6: The a) R- and b) Z- vertex distributions for a selected sample
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Figure 5.7: The m om entum  distribution for a selected sample of cosmic rays.
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Figure 5.8: The muon counter tim ing information for the a) event sample and for 
b) acollinear dimuon events.
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distribution for the event sample are shown in Figures 5.12 - 5.13.
In conclusion, one can say the following. The various spectra of the event 
sample are consistent w ith muon pair production by e+e~ annihilation at the 
beam  energy. Comparisons m ade with the corresponding distributions of the 
different background reactions show th a t the sample is pure. This assertion is 
supported by further analysis of backgrounds discussed in the next chapter.
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Figure 5.12: The acollinearity angle distribution for the event sample.
Ev
en
ts
65
Shower Energy (GeV)
Figure 5.13: The to tal shower energy distribution for the event sample.
C hapter 6 
A ccep tan ce , E fficiency and other  
C orrections
Theoretical predictions are generally based on assum ptions of perfect condi­
tions. Because an experim ent is never perfect, a num ber of corrections to the 
d a ta  have to  be m ade before the results of any experim ent can be compared with 
theory. For the e+e~ —> data, it is necessary to  find the geometrical ac­
ceptance of the detector and the efficiencies of the relevant detector components 
th a t observe such reactions. Corrections for trigger efficiency, muon efficiency, 
selection efficiency, etc. have to be applied to the d a ta  to  arrive a t experiment- 
independent values which can then be compared with theory and also w ith the 
results of other experiments. Furtherm ore, all significant background contam ina­
tion m ust be subtracted. Finally, radiative corrections have to be applied to  yield 
first-order results for which the  electroweak theory gives numerical predictions.
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6.1 A ccep tan ce and S election  Efficiency
The overall efficiency of our selection criteria (including geometrical accep­
tance) for the muon pair reaction was estim ated from a full Monte Carlo simu­
lation of the AMY Detector. It is found to be 59 ±  1.9 % at 52 GeV and
60 ±  1.2 % at 55 - 57 GeV.
Using Monte Carlo program s w ritten for TRISTAN physics [14], muon pairs 
were generated and subsequently sim ulated in the AMY Detector. The simulated 
events were then subjected to  the same analysis applied to  real events.
The acceptance is calculated using the lowest order (BORN) M onte Carlo 
events. It is given by the ratio
N
Acceptance =  • pass—  (6-2)
L’ g en era te d
where N p ass  is the to tal num ber of M onte Carlo events th a t survived all the cuts 
required by the muon selection criteria and N gene ra te d  is the to tal num ber of gen­
erated events.
The acceptance at varying |cos0 | and at different beam  energies is given in 
Table 6.1 below. It is flat in the central region and drops by about 10% as the 
end of the muon detector is reached at | cos 9\ ~  0.74. This and all the subsequent 
distributions are calculated w ith the bin size taken as A | cos 0| =  0.25. This choice 
of binning was m ade as a  compromise between the need to  have good statistics in 
each bin and the need to m easure the shape of the distribution well. This gives a 
to ta l of 6 bins since the detector covers | cos 8\ <  0.74.
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Selection Efficiency/Acceptance (%)
^  (GeV)
Central Bins 
| cos 9\ < .5
End Bins 
.5 <  | cos 0\ < .75
52
55 - 57
99.5 ±  0.2 
99.3 ±  0.1
88.0 ±  0.8 
88.2 ±  0.6
Table 6 .1. The acceptance/selection efficiency as a  function of | cos #| . 
6.2 Trigger E fficiency
The trigger efficiency is determ ined using the sample of B habha events for 
which various energy triggers ensure a  trigger efficiency of over 99% in the angular 
region covered by our muon acceptance. One can then calculate the efficiency of 
those triggers th a t would also respond to muon pairs.
There are several triggers, however, th a t require m inim um  ionization in the 
back of the shower counter. The muons and electrons have different efficiencies 
for this requirement. This difference has been m easured to  the accuracy allowed 
by the data. There is also one trigger th a t involves hits in back to back muon 
detector sextants and is sensitive to muons but not to  electrons. No correction 
is necessary in this case, however, because none of the events of the d a ta  sample 
was found by this trigger alone.
The average trigger efficiency at 52 GeV is found to be 91.2 ±  2.2 % and
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96.1 db 1.8 % at 55,56 GeV and 93.3 ±  1.6 % a t 57 GeV. A bin-by-bin summary 
of the efficiencies is given in Table 6.2.
Trigger Efficiency (%)
| cos 6\ 0..25 .25,.50 .50,.75
^  (GeV) Average
52 90.5 ±  2.1 94.4 ±  1.2 90.2 ±  1.0 91.2 ± 2.2
55 95.2 ±  1.8 97.4 ±  1.0 97.8 ±  0.5 97.4 ± 1.8
56 94.7 ±  1.4 95.3 ±  1.0 95.5 ±  0.6 95.4 ± 1.8
57 95.6 ±  1.2 93.2 ±  1.3 92.6 ±  0.8 93.3 ± 1.6
Table 6.2. The trigger efficiency as a function of | cos 91 for all energies.
The variations w ith angle are at the level of statistical fluctuations, thus we 
take the trigger efficiency to be constant in cos 9. This flatness can also be gleaned 
from the Trigger Efficiency vs cos 0 plots in Figures 6.1 - 6.2. The variations with 
energy, except th a t between 52 GeV and the higher energies, are also at the level 
of statistical fluctuations. However, because of known changes in the trigger 
between the 56 and 57 GeV runs we calculated the 57 GeV efficiency separately 
and only averaged the 55 and 56 GeV values.
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Figure 6.1: The trigger efficiency as function of cos# at different c.m. energies.
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Figure 6.2: The average trigger efficiency as function of cos 6
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6.3 M uon Efficiency
The muon efficiency consists of two factors: the muon drift chamber efficiency 
and the muon scintillation counter efficiency. The first is roughly uniform for all 
values of cos<? and is the same for all energies. The muon counter efficiency on 
the other hand, though constant in the central region, drops by a few percent at 
the edges of the muon chambers. After the 52 GeV run  there were additional 
counters installed in the end regions which resulted in slightly higher efficiencies 
during the 55 GeV and above runs.
6.3.1 M uon C ham ber E fficiency
The efficiency of each of the 1184 muon chamber channels is determ ined using 
the samples of cosmic rays and acollinear /i+ events. This num ber is obtained 
by examining muon tracks th a t go through a  given channel and counting the 
num ber of times th a t the channel participates in these tracks. It is ~95%  and 
is constant for all energies. The efficiency per channel per layer of the muon 
chambers is plotted in Figure 6.3.
Signals in the muon chamber are defined as a  muon track if a t least 3 layers 
of the 4-layer chamber register hits. W ith this requirement and the muon selec­
tion requirem ent of at least two muon tracks in opposite sextants, the individual 
element efficiencies of ~95%  lead to  an overall muon tracking efficiency of
97.2 ±  0.7%.
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Figure 6.3: The efficiency per channel per layer of the muon chambers.
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6.3.2 M uon C ounter Efficiency
A. Central Bins, | cos 9\ <  .50
There are two m ethods for calculating the average efficiency of individual 
scintillators in this region. M ethod A uses the d a ta  sample itself. It is determ ined 
th a t only about 90% of the dimuon events have two muon counter hits while the 
rest have only one hit. This gives an average efficiency of 94.8%. M ethod B uses 
a sample of selected cosmic rays to calculate the muon counter efficiency as a 
function of cos 9. This is obtained by dividing the num ber of cosmic ray muon 
tracks which have corresponding muon counter hits by the to tal num ber of muon 
tracks. This gives an average efficiency of ~96%  for individual elements. This 
slight difference is due to  the fact th a t M ethod A includes all cos 9 regions and 
not ju st the central part. W hen requiring a  counter to  record a  h it in only one of 
the two back-to-back muon sextants the  two m ethods both  give an overall counter 
‘O R ’ efficiency of greater than  ~99%  in the central region.
B. End Bins, 0.5 <  |cos0 | <  0.75
At 52 GeV, the counter efficiency begins to  drop a t | cos 91 =  .64 and at 
| cos #| =  .66 for 55 to  57 GeV. One can calculate the average single track ineffi­
ciency using the fit
I(.r) =  l - e  =  0.04 +  .96x2, (6.3)
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to the curve of Figure 6.4, where e is the  efficiency and x  is defined below. How­
ever, since the muon selection requires only one counter to fire, the ‘O R ’ ineffi­
ciency is required. In calculating this, a  simple model is followed. It is assumed 
th a t the ‘O R ’ of independent firings extends up to x  =  0.75. In this region, the 
chance th a t neither counter fires on a  dimuon event is therefore (1 — e)2. For the 
region x  >  .75, we assume complete correlation i.e. if one counter misses an event 
the other counter will m ost likely miss it also. The inefficiency in this case is just 
(1 — e). For these calculations, it is convenient to  define a variable x  th a t goes 
from 0 to 1 over the region where the individual muon counter efficiency drops 
from its central value to  zero, i.e.,
x — (cos 0 — .64)10 for 52 GeV,
x  =  (cost? — .66)~~ for 55 — 57 GeV. (6.4)
.8
The ‘O R’ inefficiency, I0, of the muon counters is then given by the sum of integrals
over the muon chamber acceptance, / ,  in the region 0.5 <  | cos 6\ <  0.75 :
Io =  (.04)2Co +  C'1 [ j T l  2(x )d x  + Ja75I2( x ) f ( x ) d x  + J 175I ( x ) f ( x ) d x  (6.5)
where the constants Co,Ci and a are given respectively by 0.58,0.42 and 0.40 for 
52 GeV; 0.67,0.33 and 0.25 for 55-57 GeV. The chamber acceptance factors f ( x ) ,  
are given by
/ ( * )  =  (° ’6) (0 .6)2 4) ■ for i  > 0 .4 0
/ ( . )  =  (0 7% % -  ■ ■ for x  > 0.25 (6 .6)
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Figure 6.4: The muon counter efficiency as a function of cos 9.
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for 52 GeV and 55-57 GeV respectively. These factors reflect the fact th a t the 
muon chamber coverage begins to deviate from 100% at | cos 6\ =  0.68 and drops 
quadratically to  zero a t | cos 6\ =  0.74. The expression for Io yields an inefficiency 
of 5% for 52 GeV and 3.5% for 55-57 GeV in the end bins.
The to tal muon efficiency is then given by the product of the muon cham­
ber efficiency and the scintillation counter efficiency. It is tabulated  below as a 
function of | cos 0 |.
Muon Efficiency (%)
Central Bins End Bins
| cos0| <  0.5 0.5 <  j cos Q\ < 0.75
x/^G eV ) 52 - 57 52 5 5 - 57
Cham ber Efficiency (%) 97.2 ±  0.7 97.2 ±  0.7 97.2 ±  0.7
Counter Efficiency (%) 99.7 ±  0.3 95.0 ±  1.5 96.5 ±  1.1
M uon Efficiency (%) 96.9 ±  0.8 92.3 ±  1.1 93.8 ±  1.0
Table 6.3. The muon chamber and counter efficiency.
6.4 T otal A ccep tan ce
The to ta l acceptance is obtained by m ultiplying the above factors : accep­
tance and selection efficiency, trigger efficiency, muon efficiency and also a re­
construction efficiency. The reconstruction efficiency is obtained from the results
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of running two independent versions of the AMY reconstruction program. A few 
candidate events selected by the  first version were not found by the second version 
and vice versa. The results are summarized in the table below.
Central Bins 
| cos#| <  0.5
End Bins 
0.5 <  |cos0 | <  0.75
(GeV) 52 55,56,57* 52 55,56,57*
Selection Efficiency 
Reconstruction Efficiency 
Trigger Efficiency
Muon Efficiency
99.5 ±  0.2 
98.0 ±  1.5 
91.2 ±  2.2
96.9 ±  0.8
99.3 ±  0.1
99.0 ±  0.8
96.1 ±  1.8
93.3 ±  1.6* 
96.9 ±  0.8
88.0 ±  0.8 
98.0 ±  1.5
91.2 ±  2.2
92.3 ±  1.1
88.2 ±  0.6
99.0 ±  0.8
96.1 ±  1.8 
93.3 ±  1.6* 
93.8 ±  1.0
Total Acceptance 86.2 ±  2.6 91.5 ±  2.0 
88.9 ±  1.8*
72.6 ±  2.4 78.7 ±  2.0 
76.4 ±  1.0*
Table 6.4. The to tal acceptance in % for all energies at the central and end bins.
Two more corrections m ust be determ ined before comparison w ith theory can 
be m ade — the radiative corrections and the background contam ination. These 
are discussed in the next sections.
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6.5 R ad iative C orrections
In e+e“ annihilations, bo th  the initial state particles and the end products 
can em it photons. This makes it unavoidable for the e+e~ —> y +y~  event sample 
to contain radiative events of the type e+e~ —► y +y ~ y  and y +y ~ 7 7 . The initial 
sta te  emission of photons, in particular, lowers the effective center-of-mass energy 
and this results in a higher cross-section for the process. In addition, this gives a 
positive contribution to  the forward-backward charge asym m etry of the reaction. 
This contribution is usually small compared to the electroweak asym m etry but is 
not negligible and is strongly dependent on the choice of experim ental cuts one 
makes. W hen this contribution has been subtracted, one is left w ith the pure 
e+e_ —>• /i+/i" reaction where the radiation has been turned  off. The corrected 
da ta  can then be compared with the lowest-order prediction of the electroweak 
theory.
This radiative correction is calculated using the M onte Carlo techniques de­
veloped by Berends and Kleiss [15]. Because of the im portance of Z°  graphs at 
TRISTAN energies, the M onte Carlo program  used is th a t by Igarashi, et al.[14], 
where corrections to order a 3 were applied to  both  7  and Z°  exchange diagrams.
Two types of Monte Carlo d a ta  sets were generated and subsequently simu­
lated in the AMY Detector. The first contains only the lowest order 7  and Z° 
exchange diagram s (BORN). This corresponds to the pure e+e“ —> y +y~  reac­
tion. The second contains a 3 corrections to the lowest order exchange diagrams 
yielding also y +y ~7 and y +y ~77  as end products (FULL). These d a ta  sets were
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then analyzed and subjected to exactly the same cuts applied to  real data. In the 
real data, many but not all radiative events are elim inated by the acollinearity 
angle cut or the shower energy cut. For the rem ainder, the radiative correction, 
(1 +  STC (cos #)), is obtained from a comparison between the BORN and FULL 
differential cross-sections as determ ined by the num ber of M onte Carlo events of 
each type th a t pass all the cuts:
d<r(cos0) der(cos0) „ , ,
■ V o ; =  — j o —  l  +  M c o s f l  6.7di2 f u l l  df2 BORN
Therefore, to correct for radiative effects, the m easured angular distribution has
to be divided by the factor (1 +  STC (cos 6)) for each bin in cos 9.
The bin-by-bin correction is tabulated  in Table 6.5. W ithin the statistical
fluctuations of the M onte Carlo sample, it is found to  be constant at all beam
energies. W hen applied to  the data, it yields a positive contribution of 4% to
the asym m etry within our geometrical acceptance and the  consequent rise in the
overall fitted cross-section is less than  7% for all c.m. energies.
6.6 B ackground D eterm in ation
To prove the contention m ade in Sec. 5.4 th a t the  final dim uon event sample 
has very little background contam ination, detailed and extensive analyses of the 
various background reactions were made. The results show th a t the level of con­
tam ination in the da ta  sample is minimal. Except for cosmic rays, all backgrounds 
are found to be negligible.
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COS0 1 +  f>rc (COS 9)
-.75,-.50 0.884 ±  .026
-.50,-.25 0.897 ±  .027
-.25, 0 0.925 ±  .030
0,.25 0.959 ±  .034
.25,.50 0.997 ±  .044
.50,.75 1.037 ±  .055
Table 6.5. The radiative correction as a function of cos 9 for all c.m. energies. 
6.6.1 C osm ic R ays
The cosmic ray trigger is enabled midway between beam  crossings and the 
sample of events taken during the delayed tim e gate provided a  direct measure­
m ent of the level of cosmic ray induced background in the d a ta  sample.
There were 7 events coming from the Cosmic Ray Gate th a t survived all the 
muon selection cuts indicating th a t 2.3 ±  0.9 % of the d a ta  sample is cosmic ray 
background. This has been subtracted statistically from the d a ta  i.e., the angular 
d istribution of the events coming from this gate was subtracted  from the angular 
distribution of the events coming from the beam  gate.
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6.6.2 B habha E vents
B habha scatters can fake dimuon events if the particles pass through the small 
gaps in the shower counter, leaving minimum energy deposits there and at the 
same tim e there exist stray muon chamber tracks in opposite sextants matching 
the CDC tracks. There is also the additional requirem ent th a t at least one of the 
m atching tracks m ust have a corresponding muon counter h it th a t is w ithin the
cut.
Real Bhabha events were used to determ ine the m agnitude of this contami­
nation. A to tal of 4737 Bhabha events at varying beam  energies were subjected 
to all muon selection cuts except the one cut which such events will fail auto­
matically; namely the to tal shower energy cut. Some 27 events were found to 
have a t least one m atching muon track. This gives a  probability of 8.1 x 10~6 
th a t a  Bhabha event will have two m atching tracks. Moreover, only one of the 
27 events found has a  corresponding muon counter hit. Therefore the probability 
th a t a  Bhabha event will be m istaken as a  dimuon event in the AMY detector is 
practically zero.
6.6.3 Tau Pairs
Muon pairs produced from the decay of taus in the process e+e_ —> r +r “ —» 
H~vv are characterized by lower m om enta than  dimuon events and large 
acollinearity angles. We also note th a t the taus obey the same angular distribution 
law as the dimuons. Thus a  tau  contam ination in the event sample, if there were
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any, would not require a  significant correction to  the asymmetry.
A sample of 1000 tau  pair Monte Carlo events corresponding to 15.5 pb -1 
of d a ta  were analyzed through the same muon selection program. One event 
survived all the cuts. This gives a level of contam ination which is below 0.2% and 
is therefore negligible.
6.6 .4  T w o p hoton  processes
Since the electrons in the two-photon initiated events e+e~ —> e+e~ are
produced with large acollinearity angles, they usually rem ain inside the beam 
pipe and thus escape detection. The muons associated w ith this process usually 
have lower m om enta than  dimuon events and large acollinearity angles.
In a  sample of 13,000 two photon M onte Carlo events at 3 different c.m. 
energies, corresponding to  84 p b -1 of data, 3 events passed through all the muon 
selection criteria. This shows th a t the level of contam ination due to  these events 
is again well below 0 .2% and is thus negligible.
C hapter 7
A ngular D istr ib u tion  and C harge
A sym m etry
One of the m ain physics goals of e+e" annihilation experiments is to test the 
standard  model of the electroweak interactions. The GWS model states th a t the 
reaction e+e_ —» n +(J.~ takes place through the exchange of either the photon 
or the neutral weak boson Z°  between the initial and final sta te  particles. The 
interference between the electromagnetic and weak forces modifies the form of 
the QED differential cross-section by the introduction of a  term  linear in cos 9. 
This is the term  responsible for the so-called forward-backward asymm etry in 
which more muons are produced in the backward hemisphere than  in the forward 
hemisphere.
In this chapter, the  results of the m easurem ents of angular distributions at 
all energies are given. They are shown to be consistent with the standard  model 
distributions at the corresponding energies. The asymmetries extracted from the 
d a ta  are found to be in agreement w ith the lowest-order GWS predictions. In 
addition, the axial-vector coupling constants derived from the asymm etry mea­
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surements are also shown to be consistent w ith the standard  model predictions.
7.1 A ngular D istrib u tion
The expression which relates the num ber of events th a t occur, TV, to  the 
integrated luminosity, J L d t , for a  reaction with a  certain cross-section, cr, is 
given by
TV =  a J L d t .  (7.1)
In the preceding chapter, the  various corrections (acceptance factors, efficien­
cies and radiative corrections) which convert the observed num ber of events to  the 
actual num ber th a t occurred have been calculated. Taking these into account, the 
form ula for calculating the angular distribution for the dimuon reaction is found 
to be
da A N  (cos 9) 1 1 r l
d£l 2 7 t A | c o s 0 |  JLdt Total Acceptance . 1  +  S r c .
where A N  (cos 6) is the num ber of events in a  given bin and A | cos 9\ is the bin 
size (=0.25). The to ta l acceptance and the  radiative correction, ( l + 6rc), are both 
functions of cos 9 and are given in Tables 6.4 and 6.5 of the previous chapter.
The angular distributions a t the different c.m. energies, including the average 
energy, are given in Table 7.1. These have been corrected for acceptance and 
background. These distributions are displayed in Figures 7.1 - 7.2. Also shown in 
the figures are the best fit to the da ta  (solid line) and the corresponding standard 
model predictions (dashed line). One can note the agreement between theory and
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experiment especially when the da ta  are combined in one energy bin to increase 
the statistical significance.
(4 s /a 2)(da/dQ)  (GeV2 pb sr-1 )
Vs (GeV)
COS0
52 55 56 57 55.2 
All D ata
-.75,-.50 2.34 ±  .56 1.14 ±  .43 1.85 ±  .42 2.18 ±  .50 1.92 ±  .25
-.50,-.25 1.40 ±  .39 1.10 ±  .39 1.49 ±  .35 1.76 ±  .41 1.47 ±  .20
-.25,0 1.36 ±  .38 1.07 ±  .38 1.90 ±  .39 1.70 ±  .40 1.58 ±  .21
0,.25 1.01 ±  .32 0.64 ±  .29 0.88 ±  .26 1.21 ±  .33 0.96 ±  .16
.25,.50 0.49 ±  .22 0.74 ±  .31 0.92 ±  .26 0.50 ±  .21 0.67 ±  .13
.50,.75 1.00 ±  .34 1.11 ±  .40 0.95 ±  .28 0.93 ±  .30 0.98 ±  .17
Table 7.1. The differential cross-section as a  function of cos 0 a t all c.m. energies.
7.2 Charge A sym m etry
We recall from Sec. 2.2 th a t in the standard  model of the  electroweak inter­
actions the angular distribution for the reaction e+e“ —> is given by the
expression
da  a 2
d£l 4s
Rnix ( l  +  cos2 0) -f cos 0] . (2.18)
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Figure 7.1: The angular distribution for e+e —> at various c.m. energies.
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Figure 7.2: The angular distribution for e+e —* /j + /j a t the average c.m. energy.
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We further recall th a t the forward-backward charge asymmetry, A ^ ,  is given by
A *  =  (2.23)
Therefore to calculate the forward-backward asymm etry from our data, we fit the 
differential cross-section to the function
y =  A  ( l  +  cos2 9^ +  B  cos 6. (7.3)
The asymm etry is then given by A w  The resulting values are tabulated
in Table 7.2 below. Also listed are the standard  model predictions using Eq. 
2.25 with the following values of the electroweak param eters : M^o — 92.5 GeV, 
sin2 6w =  0.23. The first num ber comes from the average of U A l and UA2 results 
while the second is from neutrino-nucleon scattering experiments.
V i  (GeV) A ^  (% ),D ata A ^  (%),Theory
52 -43.4 ±  17.0 -23.8
55 -11.0 ±  17.9 -27.9
56 -30.0 ±  12.4 -29.4
57 -46.2 ±  15.0 -30.8
All D ata 
55.2 -34.2 ±  7.7 -28.3
Table 7.2. The asymmetry, A llfl, for all energies.
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7.3 A xia l-V ector C oupling C onstants
The asymmetry, Allfl, as given by Eq. 2.25 is determ ined by 3 param eters : the 
weak-mixing angle (Weinberg angle) &w, the product of the axial-vector coupling 
constants of the electron and muon and the mass of the Z°  boson. Using the 
values of Mz°  and sin2 6w given in the previous section we can use this equation 
to  extract the product of axial coupling constants. Using the combined d a ta  at 
y/s — 55.2 GeV the asym m etry of -34.2 ±  7.7% gives the product
9 a 9 a  — 0.292 ±  0.065. (7.4)
The neutrino-nucleon scattering experiments give gA =  —0.495 ±  0.026. This is 
clearly consistent w ith the GWS theory prediction of — |  hence we take geA =  — |  
to  extract the axial-vector coupling constant of the muon :
gA = —0.584 ±  0.13. (7.5)
Thus we see an agreement w ith our d a ta  and the GWS prediction for the values 
of the axial-vector coupling constants. Comparing gA and gA, we see th a t our 
d a ta  is consistent w ith e — /x universality.
The values of the axial-vector coupling constants extracted at all energies are 
given in Table 7.3.
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(GeV) 9 a 9 a
52 0.443 ±  .174
55 0.095 ±  .155
56 0.245 ±  .101
57 0.359 ±  .116
All D ata
55.2 0.292 ±  .065
Table 7.3. The axial-coupling constants of the electron and muon extracted 
from the asymm etry measurem ents a t all energies.
Figure 7.3 shows our m easurem ent of the asymmetry, the standard  model 
prediction and P E P  and PET R A  d a ta  at lower energies. The AMY result expands 
by almost a factor of two the region in which the GWS theory of electroweak 
interactions has been verified.
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Figure 7.3: The asymmetry, A ^ ,  as a function of s. The AMY result is shown in 
comparison w ith theory and with P E P  and PETR A  data.
C hapter 8
T otal C ross-section  M easurem ent
The interference between the electromagnetic and weak amplitudes, aside from 
causing a  forward-backward charge asymm etry in the reaction e+e~ —» 
also results in an enhancement of the cross-section for the process. However, this 
increase is directly proportional to the product of the vector coupling constants 
of the electron and muon which is small as predicted by the standard  model. 
Even at the highest available TRISTAN energy, the rise in the cross-section is 
hardly discernible. The standard  model predicts a  4.4% increase in the QED 
cross-section at Ebeam =  28.5 GeV. Because of limited statistics, our results are 
inconclusive.
In this chapter, measurem ents of cross-section a t various c.m. energies are 
given. From these m easurem ents and from the measurements of asymmetry given 
in the previous chapter, the product of the vector coupling constants of the elec­
tron and muon is extracted. They are found to agree with the standard model 
predictions within the limited statistics available.
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8.1 T otal C ross-section
If the reaction e+e“ —> were to  take place solely via 7 -exchange, then
the cross-section would be given by the point-like QED cross-section
47ra2
=  I T -
The addition of a Z 0-exchange and its interference with the electromagnetic am ­
plitude leads to  a deviation from the QED cross-section. As discussed in Sec. 2.2, 
this is expressed by the ratio  R m  :
R m  =  ^  =  1 +  2x 9v9v  +  [ « ) 2 +  t e ) 2] \ ( 9 v f  +  ( r f ) 2] X2- (2.20)
Because the value of gv  is small, (the standard  model predicts gv  =  0.04 for 
sin2 6w =  0.23), the electroweak effect in due to the vector couplings cannot 
be measured in a significant way at present energies and luminosities. In fact, the 
predicted 4.4% rise in the cross-section is mainly due to  the axial-vector coupling 
terms in R flfl.
The d a ta  at all energies show th a t the measured to tal cross-section is consistent 
w ith the electroweak predictions. This is shown in Table 8.1. A comparison of R ^  
w ith the standard  model prediction as well as P E P  and PETRA  data  is made in 
Figure 8.1. Except for the P E P  data, all measurements are marked by large error 
bars. An enormous am ount of da ta  is required for this particular measurement 
to extract values of gygy  for a  significant comparison with the standard  model. 
However there is one thing th a t can be said about the AMY results : There is a 
persistent tendency for the m easured cross-sections to  be higher than  the QED
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predictions in the TRISTAN energy region. This is of course consistent w ith the 
expectation of the standard  model.
D ata Theory
y f i  (GeV) (pb) Rtin (Pb ) R ^
52 32.8 ±  4.3 1.02 ±  .14 32.9 1.025
55 23.0 ±  3.7 0.80 ±  .13 29.7 1.035
56 30.1 ±  3.3 1.09 ±  .13 28.8 1.040
57 30.0 ±  3.5 1.12 ±  .13 28.0 1.044
All D ata 
55.2 29.8 ±  2.1 1.05 ±  .07 29.5 1.036
Table 8.1. The cross-section for e+e —> n +fj, for all energies as compared with 
the standard  model predictions.
8.2 V ector C oupling C onstant
From Eq. 2.20 and using both  the to tal cross-section and asym m etry mea­
surements, one can extract the product of the vector coupling constants of the 
muon and electron. As shown in Table 8.2, the errors are large. Nonetheless, the 
values are consistent with the standard model prediction.
96
Rmm
1 . 4
1.2
z: H
1.0
°AMY 
MARK J +MAC 
XHRS 
^MARK II 
DCELLO
0.6 JADE
TASSO
004 0 6 020
Vs (GeV)
Figure 8.1: The ratio  R ^  in comparison with the standard  model and with PEP 
and PETR A  results.
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(GeV) e M9v9v
52 0.068 ±  .167
55 0.143 ±  .096
56 —0.037± .093
57 —.020±  .120
All D ata
55.2 0.005 ±  .064
Table 8.2. The vector coupling constants at various c.m. energies.
8.3 B eyond  th e  Standard M od el
One concept th a t goes beyond the standard  model of electroweak interac­
tions is the compositeness of leptons, i.e., the idea th a t fundam ental fermions are 
themselves composed of other particles [16]. This deviation from their assumed 
point-like structure would show up as residual contact interactions because the 
fermions could now exchange constituents during a collision. The existence of 
this th ird  possible exchange channel in the reaction e+e-  —> would m ani­
fest itself through interference with the known 7 and Z°  exchange amplitudes.
The new interaction is expressed as a general helicity conserving effective
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Lagrangian [16]
9*
£  =  ±7^[VLLipL'Y^L'lpL'fll'4>L +  VRR"(pR/y^R'>PRy fl'>PR
+ m L$ R l il$ R $ L l ' li>L +  (8.2)
which is to  be added to the  standard  model Lagrangian. The overall alge­
braic signs correspond to  positive or negative interference. Using the convention 
g2/4n  =  1 and w ith t)lr  =  V rl,  there are four possible helicity configurations :
f]LL VRR VRl
L L ± ± 1 0  0
R R ±  0 ±1  0
V V ± ±1  ±1  ±1
AA±  ±1  ±1 ± 1.
O ur d a ta  have been used to  find the scale param eter A a t which these contact 
interactions interfere significantly w ith the electroweak exchange amplitudes. We 
fit our d a ta  to the modified standard  model angular distribution
^  =  l H ' M l - cos(’)2 +  ^ ( ! + « » » ) 2] (S-3)
where
A -  =  11 — tan  6w cot 29w —  +  |2
s z  aA 2
a i + 2 a s , VRRs \2 ,A+ =  - | l  +  ta n  » „ -  +  — \ +
i | l  +  cot22^ — +  ^ f |2 
2 s z  oA 2
sz  — s — M f„ +  iMz°Tz°-  (S-4)
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The 95% confidence level lower limits for the contact interaction scale param eters, 
A, using the four possible helicity configurations are shown in the Table 8.3 below. 
A comparison w ith PETR A  results is m ade in the same table and our results are 
consistent. This comparison is also shown graphically in Figure 8.2. Figure 8.3 
shows the normalized angular distribution for the reaction e+e“ —> p +fi~ along 
w ith the predictions of the contact interaction models for various values of A. 
The results give an indication of the sensitivity of our d a ta  for setting limits on 
the energy scale a t which lepton substructure might manifest itself.
C L L /R R VV AA
(GeV) pb~l A+ A_ A+ A_ A+ A_
TeV
A M Y 52-57 18.6 1.9 1.1 3.1 2.6 3.0 1.9
JADE 34-45 97.8 4.4 2.1 5.8 4.8 7.5 2.8
PLUTO 34.7 41.8 2.9 0.9 2.4 1.6 4.5 1.5
TASSO 34.5 74.7 2.1 2.6 3.4 4.4 3.1 3.4
Table 8.3. The contact interaction param eters for the reaction e+e —► fx+ fi .
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Figure 8.2: The contact interaction param eters in comparison w ith PETRA  data.
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C hapter 9 
Sum m ary and C onclusions
The AMY Detector has m easured the reaction e+e“ —> h+/j,~ a t the highest 
available e+e~ annihilation energies : 52 GeV <  \ f s  < 57 GeV. For 18.6 pb -1 
of integrated luminosity, the standard  model of the electroweak interactions has 
been tested and verified in this previously unexplored energy region.
Table 9.1 summarizes the results with the d a ta  combined into one energy bin 
a t the average energy y/s =  55.2 GeV.
The m easured forward-backward asymmetry, A M#t, is consistent with the stan­
dard  model prediction th a t the  reaction e+e“ —>■ takes place through the
exchange of a  photon or a neutral vector boson. The interference between these 
two exchange channels gives rise to a negative A in the TRISTAN energy region. 
In particu lar the model predicts —28.3% at y/s =  55.2 GeV. O ur measurements 
give an asym m etry of —34.2 ±  7.7 % a t this energy.
The interference between the weak and electromagnetic forces also results in 
an increase of the cross-section for the dimuon reaction. The to ta l cross-section
1 0 2
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measurem ent of 29.7 ±2.1 pb agrees well w ith the standard  model prediction of 
29.5 pb at the average c.m. energy. This m easurement indicates a  5% increase 
over the QED prediction, bu t the increase is not statistically significant.
=  55.2 GeV D ata Theory
Cross-section (pb) 29.7 ±  2.1 29.5
Asymmetry (%) -34.2 ±  7.7 -28.3
1.05 ±  .07 1.036
9a9a 0.29 ±  .07 0.25
9v9v 0.01 ±  .06 .002
Table 9.1. The combined d a ta  in comparison with the S tandard Model.
The extracted values of the axial-vector and vector coupling constants also 
support the basic theoretical assum ptions th a t e-fi interactions are universal and 
th a t the left-handed components of bo th  leptons form SU(2) doublets while their 
right-handed components are isotopic singlets.
Further tests of the standard  model will be m ade as the TRISTAN accelerator 
facility operates at an energy of yfs =  60 GeV in January  1989.
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A p p en d ix  A
T he Standard M odel o f E lectrow eak  
In teraction s
A gauge theory unifying the  weak and electromagnetic interactions was pro­
posed by Glashow (1961), Weinberg (1967) and Salam (1968) [1,5-8]. The theory 
is based on the gauge group S U (2)xU (l) which, in its unbroken form, calls for 
the existence of four massless vector bosons. The bosons W £ (*=1,2,3) are the 
gauge fields of the weak isospin group SU(2) whose interaction is described by a 
coupling constant g. The boson is the gauge field of the weak hypercharge 
group U (l) whose coupling is given by g'. Their interaction w ith a  Higgs field 
is introduced and local gauge invariance is broken. Three of the gauge bosons 
acquire masses as a result of spontaneous symmetry breaking. The fourth boson 
remains massless and is identified as the photon. This appendix describes the 
standard  (GW S) model for the electroweak interactions of leptons.
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A .l  T he G W S M odel
In the standard  model Lagrangian, three types of fields or particles appear 
— the  gauge bosons or m ediators of force, the fundam ental fermions (quarks and 
leptons) and the Higgs particles. The form of the Lagrangian is dictated by its 
invariance under local SU(2) x U (l) symm etry transform ations [1].
The GWS theory assumes th a t the left-handed components of the fermions 
form isotopic doublets under the group SU(2), i.e.
for leptons, while the right-handed components of the same fermions are isotopic 
singlets :
eR, /iR, Tr  .
No right-handed neutrinos appear in the theory since only left-handed neutri­
nos are found by experiments. The Lagrangian th a t includes only left-handed 
neutrinos defines the minimal standard  model.
To obtain a unified theory of the electromagnetic and weak interactions, the 
invariance of the free Lagrangian under a) local phase transform ations and b) 
rotations in weak isospin space is imposed. This requirem ent leads to  the form 
and strength of the interaction of the fermions w ith the gauge fields.
The free Lagrangian for a massless fermion has the form
C q =  ~  i^ R K tid ^ R  (A--1)
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where
( V (L
eL
£l ,r  =  ^ (1  i  Ts) (A.2)
Here £ stands for the leptons e ,//,r and a sum m ation over £ is implied. To obtain 
invariance with respect to the direct product of the local isotopic group SU(2) 
and the local U (l) group of the hyperchaxge, the derivative is replaced by
D „ =  d . - i g W l - T 1 -  ig 'BfjY  (A.3)
where T l(i — 1 ,2 ,3 ) are the SU(2) generators and Y  is the hypercharge. The 
generators satisfy the SU(2) x U (l) algebra
[ T \  T> } =  i t ijkT k
[ r ,  Y } =  0. (A.4)
The weak hypercharge Y  is defined through the relation
Q =  T s + Y  (A.5)
where Q is the observed charge of the fermion and T 3 is the th ird  component of 
the isospin.
Since is a doublet under SU(2) and the right-handed fermions are singlets 
then
1 ,
TaVtL = 2 aa^ eL
Ta£R = 0 (A.6)
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where aa are the Pauli spin matrices. The gauge-invariant Lagrangian is then 
given by
C  =  iiptL'Yi* — i \ a ' Wfi ~  ig 'BfjY  tfrtL +  iiicip. [d„ -  ig 'B^Y] l R. (A.7)
Aside from the kinetic term s, th is Lagrangian also includes interactions. The 
left-handed fermions interact both  with the trip let of gauge bosons W £ with a 
gauge coupling constant given by g and with the gauge field w ith a  coupling 
characterized by g'. The right-handed fermions interact only w ith the field.
The interactions th a t arise in Eq. A.7 are of two kinds. The first are those 
interactions which change the fermion identity . These lead to  the phenomenon 
of charged currents. Such interactions originate only from the non-diagonal part 
of the W), • T 1 m atrix  which is
1
2
The non-diagonal interaction can then be w ritten as
9
(  \  
0 W 1 -  i W 2 1
(
0
\w+
 ^ W 1 + i W 2 0 =  72 K w - 0 ;
(A.8)
Ccj c =  -— [ v l L ^ W + h  +  i ^ W - u t L ]  
9
x/2
The weak charged current
= (A.9)
(A.10)=  VlL l^L
describes the interaction of leptons with the charged vector bosons W ± created 
by the fields defined in Eq. A.8 . The processes of electron-neutrino scattering
1 1 0
u^e~ —* fi~ue and muon decay fi~ —> e~u^i7e are examples of charged current 
interactions.
The second type of interactions are those which leave the fermion identity 
unchanged . This leads to  the phenomenon of neutral currents. These interactions 
are due to  the diagonal part of the m atrix • T 1 and the m atrix  which is 
proportional to the unit m atrix:
O d =  - ig W 3T 3 -  ig 'B^Y. (A .ll)
For an arb itrary  angle $w , the preceding equation can be w ritten as
O d =  — i (sin<V W 3 -|- cos<VBM) [g  sin 6 w T 3 +  g1 cos 6 w Y  ]
—i (cos 6wW ^ — sin 6w B f^  ^g cos $ w T 3 — sr'sinflvyF] . (A .12)
To incorporate electromagnetism, the linear combination
=  sin 6 w W 3 + cos OwB^ (A.13)
is identified w ith the electromagnetic potential. Since this potential couples with 
eQ, Eq. A.5 requires that
g sm 9w = g ’cosOw =  e
tanfljy =  g ' / g .  (A .14)
The angle 6w, known as the electroweak (mixing) angle, is a  param eter of the 
standard  model and was first introduced by Glashow. The field
Zfj, — cosdw W 3 — sindwBfj, (A .15)
I l l
describes neutral vector bosons. From Eqs. A.13 - A .14, the m atrix  O d can be 
w ritten as
- iA ^ e Q *  -  i - J L - ( T 3 -  sin2 $w Qe ) Z^. (A.16)
The diagonal interaction Lagrangian in Eq. A.7 then yields
fNC _  jEM a . 9 jNC r, ( aL j  -  e J M +  COBdwJ* (A -17)
where
J ™  = t 7„Q‘e (a .is)
is the usual electromagnetic current and
J ^ C — 'tPeL,yti (t 3 — sin2 9wQe )^ faL — %-Rlv. sin2 9wQ e^ R (A. 19)
is the weak neutral current which is responsible for processes like the electron- 
neutrino(anti-neutrino) scattering. The weak neutral current can also be written 
as
J " C =  f a l ^  ( 9v ~  9a 7s ) fa  (A.20)
where
glv  =  T 3 -  2 sin2 0w Qe
9 a  =  T 3 (A.21)
are respectively the vector and axial-vector coupling constants of the lepton. The
th ird  component, T 3, of the weak isospin is equal to —1/2 for the leptons,
£ =  e ,/i,r, and 1/2 for their corresponding neutrinos. Qe is the electromagnetic 
charge.
We can then write the to tal gauge-invariant interaction Lagrangian as
C  =  +  H  +  eJ^A,  +  • (A.22)
A .2 Spontaneous S ym m etry  B reaking
The Lagrangian given in Eq. A.22 is hardly physical. It describes massless 
particles, both  the interm ediate bosons and leptons. To describe real physical 
particles, gauge invariance m ust be broken spontaneously. To achieve this, the 
invariant interaction of the bosons with the Higgs fields is introduced. The sim­
plest possibility is th a t the Higgs fields form the weak doublet
> + '
<f> = (A.23)
where <f>+ corresponds to particles with charge one and <j>° to  neutral particles. 
Since <f>+ and <j>° are complex fields, <f> consists of four scalar fields :
<^ i +  i<f>2
_<j> 3  +  i<j> 4 .
The invariant Lagrangian for the Higgs fields is given by
(A.24)
C„  =  -  V t f )
v ((f>) = n2<j>+<f> + \(<!>+<f>)2 (A.25)
where D M is the covariant derivative defined in Eq. A.3. If fj.2 > 0 the minimum 
of V(<f>) occurs at a  purely imaginary value of <f>min hence the lowest energy state 
occurs at <f> =  0. If yu2 <  0 and A > 0, the m inimum value of V(<f>) occurs
113
classically for real (j>m in where
<f>min — =  ~  (<Ai +  +  <f>% +  ^4)
t l
2A
2
,2
(A.26)
This minimum is degenerate; any point lying on the surface of radius v /y /2  in the 
field configuration space is a minimum. Spontaneous symm etry breaking occurs 
when the ground sta te  (vacuum) is chosen along one direction. The usual choice
is
<  fa  > =  - y  =  v.<  >  —  <  (j>2 >  =  <  (f>4 >  —  0 ,  <  (j)Z  =  =  V. (A.27)
An expansion can then be done about this chosen vacuum. The fluctuations about 
v can be param etrized in term s of four real fields — the fields h and 9{(i = 1 ,2 ,3)
— in the form
ja - e ( x ) / v
0
(A.28)
v + h(x)/2
Since the Lagrangian Ch is locally invariant under SU(2), the three massless 
fields 6(x)  (also called Goldstone bosons) can be gauged away leaving only the 
Higgs fields, h(x).  This process is equivalent to substitu ting in (D 11 <f>)(D^ (f>) the
expansion
<f> —► < <f>o{x) >  =
V2
0
v +  h(x)
(A.29)
The term s which are quadratic in the vector fields provide masses for the W ± and 
Z  bosons:
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(
( \ v g f W * W - “ +  \ v \  W l B r )
g - 9 9 A
- 9 9 '  9'2
W l  \
B b )
(A.30)
= J  [ s2( (Wl? + ( K )2 ) + (sK ) .
By comparison w ith the standard  expressions for the mass terms in the La­
grangian, the mass of the charged boson is then given by
M w  =  2 VQ (A.31)
and the normalized linear combination
g W l  -  g 'B„
,/2 (A.32)\Jg2 +  0 '
acquires a  mass
=  ^ v \J g 2 +  g'2. (A.33)
One of the  eigenvalues of the m atrix  in the second equation of Eq. A.30 is zero, 
hence the inclusion of a  combination of fields orthogonal to  Z^  can be m ade in 
the last equation of A.30. This normalized combination is identified as the field 
due to  the massless photon:
g 'W l  +  g B „
\ J g 2 + , /2
MAtl =  0 . (A.34)
The masses of the W  and Z  bosons are related by
M w
M z
COS & w  • (A.35)
The inequality between the two masses is due to  the mixing between the W* and 
Bp fields.
To arrive a t the relationship between v and the Fermi constant Gf , we consider 
the interaction of charged currents, either electron-neutrino scattering or muon 
decay. In the effective theory, the am plitude for //-decay is given by
( 1 +  7s) P~ ] [ e " 7« ( 1  +  75) ue ] . (A.36)
In the standard  model //-decay arises from the charged current interaction medi­
ated by a  W  boson. In the low-energy limit, the am plitude becomes
9 2
2
Com paring the above two equations gives
92 =  Gf
S M y y  y /2
Then from Eq. A.31,
( v^ H l ) {zLl avtL ) (A.37)
(A.38)
V =  - J r -  =  246GeV. (A.39)
■\/2Gf
Using the expressions a  =  e2/ 47r =  1/137.04 and e =  <7sin0vr we obtain  the 
following expressions for the W  and Z masses:
A .3 M ass G eneration  for M atter F ields
116
The introduction of Higgs scalar, through SSB, generates masses not only for 
the W *  and Z  bosons but also for leptons and quarks. For leptons, a  SU(2) x 
U (l) gauge invariant couplings to  the Higgs doublet is added to  the Lagrangian 
in Eq. A.7 :
(< j> + \ (  Vt \
t-i fc-l II 1 U r  + £ r (<M ° )
I  *  ) l .
(A.41)
Using the procedure described in Eq. A.28, the following substitution is made
into Cl to  spontaneously break the symmetry:
0
<i>
v + h{x)
(A.42)
This yields the Lagrangian
C'L =  {^l^r  +  £r£l ) — (#l£r  + Vr^l ) h. (A.43)
The first term  gives the lepton mass if we choose Gg so th a t
vGgm e =
V 2
(A.44)
The Lagrangian becomes
Cl =  —mgtt  — —^Mh.v (A.45)
The constant Gg which characterizes both  the lepton mass and its interaction with 
the Higgs is very small ( ~  3 x 10-6) and has not so far produced a detectable effect 
in electroweak interactions. It is not yet understood how such a small param eter 
can appear in the theory.
A p p en d ix  B
T he A M Y  M uon Scin tilla tion  C ounter
S ystem
Cosmic rays constitute one of the significant background reactions to many 
e+e~ annihilation processes. In the case of the e+e~ —> fi+fx~ reaction a t AMY, 
cosmic ray muons are the dom inant source of background. They persist even 
after very tight vertex and m om entum  cuts have been applied. The time-of-flight 
inform ation from the scintillation counters provides an effective way of reducing 
this background.
A single plane of scintillation counters is installed right next to the 4-layer 
muon chamber on each of the 6 sextants of the AMY Detector. These counters 
provide the time-of-flight measurements necessary to distinguish muons due to 
beam -beam  interactions from cosmic ray muons. The tim ing resolution of ~ 3  ns 
was obtained from a study of cosmic rays and acollinear dimuon events.
A to tal of 158 counters of varying sizes and thickness are utilized in the sys­
tem. These are summarized in Table B .l. Ideally we would have bought new
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scintillators with dimensions chosen to m atch the AMY geometry but this would 
have been very expensive. Therefore, the experiment relied on scintillators al­
ready owned by the various collaborators. This is the reason for all the different 
sizes. The larger counters, Types 3 and 4, have two photom ultiplier tubes (PM T). 
These PM Ts are attached to diagonal ends of Type 3 counters and to  two cor­
ners on the same 3 m side of Type 4 counters. These tubes are connected to the 
counters through wavelength shifter bars. The rest of the counters have only one 
phototube attached to them  at the center of one end by means of a light guide. 
There are a  to tal of 194 PM Ts, all EMI 9954B except for about ten EMI 9907B, 
in the system. These are m aintained a t 1600V - 2000V. To supply current to  the 
tubes, 11 sets of high voltage power supplies and a  num ber of distribution boxes 
were utilized. This power supply system provides voltage adjustm ent capability 
necessary for m aintaining the  performance of the counters.
Type Size (cm3) Number Used in Sextant #
1 50x150x1.0 83 1,3,4,5,6
2 45x150x1.3 17 1,2,3,5
3 150x150x2.5 33 2,3,5
4 75x300x2.5 4 1,3
5 60x180x1.9 21 2,3,5
Table B .l. The five types of muon scintillation counters.
B .l  Preparation
119
The preparation stage consists of several gluing and wrapping processes. The 
light guides are glued onto the  scintillation counters by means of an optical EPO- 
TEX  305 epoxy — a two-component, room tem perature curing epoxy adhesive 
with an index of refraction of 1.511. It takes about 12 hours for the glue to  harden. 
The counters are wrapped first w ith white paper and then by m arvelguard foil 
and black electrical tape at th e  edges to  keep them  light-tight. The m arvelguard 
foil is a black m atte  paper aluminized on the side next to the scintillator to 
enhance light collection. Light collection relies prim arily on internal reflection in 
the scintillators bu t some of the  light th a t escapes can be reflected back into the 
scintillator by the aluminized layer.
The phototubes are glued onto a cylindrical plastic cookie which has the same 
diam eter as the tube using the same kind of optical epoxy used for the counters. 
The purpose of this is to allow the mu m etal shield to  extend 2” past the end of 
the PM T. The mu m etal shield is essential for the operation of PM Ts so close to 
AM Y’s 3.0 T  solenoid magnet. This tube-cookie combination is then glued onto 
the counter after which they are wrapped w ith black electrical tape to  keep them  
light-tight. The cookie p a rt is first w rapped with either white paper or teflon 
tapes instead of m arvelguard to  prevent surface currents from accumulating.
The phototube bases are then attached to the tubes and this whole set is again 
w rapped with a black electrical tape to achieve light-tightness. High voltage is
1 2 0
applied and testing is done. The counters are tested at least twice to  be certain 
they are indeed light-tight: before installation and after installation.
B .2  T esting
Once fully wrapped, the counters are tested individually for light leaks and 
the HV setting is determined. A radioactive source, 96.6 fiCw. Cs-137, is utilized 
as a  source of energetic /? particles in this voltage calibration.
W hen the radioactive source is placed at the center of the counter, w ith the 
phototube a t the proper voltage, the vo ltm eter/tester should register an increase 
of around 22.0 mV at the anode. The value of 22.0 mV was chosen to  ensure a  fully 
efficient counter w ith the discrim inator threshold set a t 30 mV. The setting of 22.0 
mV was determ ined by testing some of the counters using a counter telescope. 
The efficiency of each of these counter was m easured as a function of high voltage. 
The efficiency increases as the high voltage is raised until it reaches a plateau. 
The operating voltage was chosen to be approxim ately 75 V above the plateau 
voltage. The radioactive source was then placed on the counter a t this voltage 
and the anode read. All counters tested gave an anode reading of about 22 mV 
at their operating voltage.
The reading when the radioactive source is removed from the counter should 
be much less than  1 mV except for the large counters where a reading up to 5 mV
1 2 1
is allowed. If the “dark current” is much larger than  this, a counter will register 
so many spurious signals (i.e., noise) th a t it is useless as a  detector.
A large dark current generally indicates a light leak. Normally, it is an easy 
job to fix light leaks once they are found. The leaks are usually due to small 
holes and scratches in the coverings of the counters. These are found by moving 
styrofoam covered by a black plastic sheet over the counter to  locate the spots 
responsible for the high vo ltm eter/tester reading. Another m ethod used is to 
illum inate the counter w ith a flashlight. The areas where the voltm eter/tester 
registers an increase contain light leaks.
In Figure B .l is shown the diagram  of a  photom ultiplier tube. The tube is 
enclosed w ith a m aterial th a t provides not only light-tightness but also magnetic 
shielding. The voltage divider circuit th a t multiplies the photoelectrons produced 
at the cathode is shown in Figure B.2.
B .3  In sta lla tion  and M apping
The counters of biggest dimensions went into the top and bottom  sextants 
of the AMY Detector. For these sextants, the counters were assembled as an 
entire layer and then moved into position on the sextant after which a few smaller 
counters were added to cover the blank areas. Half of the counters on the top side 
sextants were installed in the same way. The other half were installed individually.
1 2 2
JLI
r j
"O
'-OCNi
M HV
-H T
DY
BNC
BNC
BNC
Figure B .l: A diagram  of a  photom ultiplier with its eclosure.
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Figure B .l: The circuit diagram for the PM T bases.
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The smallest counters were installed individually in bottom  side sextants. The 
layout of the muon counters is summarized in Table B.2 of this appendix. R is the 
distance of the counters from the beam  axis. The points X,- and Z,• (*=1,4) refer 
to the coordinates of the counter corners while X5 and Z5 refer to  the position of 
the PM T. If there is a  second PM T on the counter its position is given by X6 and 
Zg. All are given in cm and refer to local coordinates, i.e., X =0 is the point where 
the angle 4> is smallest at th a t sextant and Z=0 is the point where z is largest.
High voltage cables, about 150 ft in length, ru n  from the phototube bases 
to  the second floor of the electronics hut where the distribution boxes and power 
supplies are located. Signal cables of roughly the same length go from the counters 
to  the first floor of the hut. The signal cables from the one-tube counters go 
directly into the designated Phillips 7106 discrim inator channels. For counters 
with two PM Ts, the signals from the two cables are first combined w ith a passive 
adder into one signal which is fed into the proper discrim inator channel for that 
counter.
C rate # 1 8  of the CAMAC system houses these discriminators. Three slots 
(# 2 0  - # 2 2 ) are used where each slot contains 64 channels. The counters are 
m apped into the discrim inator channels as given by Table B.3 of this appendix. 
The signals from these channels are also used to trigger events containing muons.
C o u n te r  # T y p e ’ " ' f t fc l X2 X3 X 4 X5 X 6 ...“2 l Z2 Z3 Z4 Z5 Z6
S e x ta n t 1
1 1 320 0 150 150 0 175 0 0 0 50 50 25 0
2 4 320 0 75 75 0 0 0 30 30 330 330 30 330
3 4 320 0 75 75 0 0 0 300 310 610 610 310 610
4 1 320 0 150 150 0 175 0 610 610 650 650 625 0
5 5 310 60 240 240 60 35 0 10 10 70 70 40 0
6 5 310 60 240 240 60 35 0 70 70 130 130 100 0
7 5 310 60 240 240 60 35 0 115 115 175 175 145 0
8 5 310 60 240 240 60 35 0 170 170 230 230 200 0
9 5 310 60 240 240 60 35 0 220 220 280 260 250 0
10 5 310 60 240 240 60 35 0 270 270 330 330 300 0
11 5 310 60 240 240 60 35 0 320 320 380 380 350 0
12 5 310 60 240 240 60 35 0 380 380 440 440 410 0
13 5 310 60 240 240 60 35 0 430 430 490 490 460 0
14 5 310 60 240 240 60 35 0 490 490 550 550 520 0
15 5 310 60 240 240 60 35 0 540 540 590 590 570 0
16 5 310 60 240 240 60 35 0 580 580 640 640 610 0
17 1 310 210 360 360 210 190 0 10 10 56 56 35 0
18 1 310 210 360 360 210 190 0 58 58 106 106 95 0
19 310 210 360 360 210 190 0 106 106 152 152 131 0
20 1 310 210 360 360 210 190 0 152 152 198 196 177 0
21 310 210 360 360 210 190 0 198 198 244 244 223 0
22 1 310 210 360 360 210 190 0 244 244 290 290 269 0
23 1 310 210 360 360 210 190 0 290 290 336 336 316 0
24 1 310 210 360 360 210 190 0 336 336 382 362 361 0
25 1 310 210 360 360 210 190 0 382 362 428 428 407 0
26 310 210 360 360 210 190 0 428 428 474 474 453 0
27 1 310 210 360 360 210 190 0 474 474 520 520 499 0
28 1 310 210 360 360 210 190 0 520 520 566 566 545 0
29 1 310 210 360 360 210 190 0 555 555 605 605 580 0
30 1 310 210 360 360 210 190 0 590 590 636 636 615 0
S e x ta n t  2
1 3 330 -25 130 130 -25 130 -25 -25 -25 130 130 -10 140
2 3 320 -25 130 130 -25 -25 130 115 115 270 270 120 270
3 3 330 -25 130 130 -25 130 -25 235 240 390 390 230 380
4 3 320 -25 130 130 -25 130 .2 5 350 350 505 505 350 500
5 3 330 -25 130 130 -25 -25 130 480 460 635 635 480 635
6 2 340 115 160 160 115 137 0 -20 -20 130 130 180 0
7 5 345 110 165 165 110 140 0 70 70 250 250 280 0
8 5 355 110 165 165 110 140 0 215 215 395 395 425 0
9 2 345 115 160 160 115 137 0 360 360 510 510 310 0
10 2 340 115 160 160 115 137 0 480 480 630 630 430 0
11 3 335 155 310 310 155 310 155 -15 -15 140 140 -15 140
12 3 330 155 310 310 155 310 155 125 125 260 280 125 280
13 3 335 155 310 310 155 310 155 230 230 385 385 230 385
14 3 330 155 310 310 155 155 310 355 355 510 510 355 510
15 3 335 155 310 310 155 155 310 480 460 635 635 480 635
16 3 330 280 435 435 280 435 280 -15 -15 140 140 -15 140
17 3 320 280 435 435 280 435 280 125 125 280 280 125 275
18 3 330 280 435 435 280 280 435 230 230 365 385 230 385
19 3 320 280 435 435 280 280 435 350 350 505 505 380 505
20 3 330 280 435 435 280 280 435 480 460 635 635 500 635
S e x ta n t  3
1 1 320 10 160 160 10 185 0 0 0 50 50 25 0
2 4 310 10 90 90 10 90 95 25 25 325 325 25 325
3 4 315 15 95 95 15 95 95 320 320 620 620 320 620
4 2 320 10 160 160 10 190 0 610 610 650 650 630 0
5 1 320 80 130 130 80 105 0 55 55 205 205 30 0
6 1 320 80 130 130 80 105 0 180 180 330 330 155 0
7 5 320 75 135 135 75 110 0 300 300 480 480 270 0
8 5 320 75 135 135 75 110 0 450 450 630 630 420 0
9 3 310 115 270 270 115 115 270 5 5 160 160 5 160
10 3 315 115 270 270 115 115 270 i3 0 130 285 295 130 285
11 3 310 120 275 275 120 120 275 240 240 395 395 240 395
12 3 315 120 275 275 120 275 120 355 355 510 510 355 510
13 3 310 120 275 275 120 275 120 470 470 625 626 470 625
14 2 315 210 360 360 210 170 0 -10 -10 30 30 10 0
15 2 315 210 360 360 210 170 0 30 30 70 70 50 0
16 2 315 210 360 360 210 170 0 70 70 110 110 90 0
17 2 315 210 360 360 210 170 0 110 110 150 150 130 0
18 2 315 210 360 360 210 170 0 150 150 190 190 170 0
19 2 315 210 360 360 210 170 0 190 190 230 230 210 0
20 2 315 210 360 360 210 170 0 230 230 270 270 250 0
21 2 315 210 360 360 210 170 0 270 270 310 310 290 0
22 2 315 210 360 360 210 170 0 310 310 350 350 330 0
23 2 315 210 360 360 210 170 0 350 350 390 390 370 0
24 2 315 210 360 360 210 170 0 390 390 430 430 410 0
25 2 315 210 360 360 210 170 0 430 430 470 470 450 0
26 2 315 210 360 360 210 170 0 470 470 510 510 490 0
27 2 315 210 360 360 210 170 0 510 510 550 550 530 0
28 2 315 210 360 360 210 170 0 550 550 590 590 570 0
29 2 315 210 360 360 210 170 0 590 590 630 630 610 0
Table B.2. The layout of the muon counters in sextants 1 - 3 .
C o u n te r  # S y p e R X I X2 X3 X4 X5 X6 Z l Z2 Z3 2*4 Z5 Z6
S e x ta n t  4
1 1 315 0 150 150 0 175 0 8 4 53 59 27 0
2 1 305 0 150 150 0 175 0 46 48 97 97 73 0
3 1 305 0 150 150 0 175 0 96 96 145 145 120 0
4 1 305 0 150 150 0 175 0 144 144 193 193 168 0
5 1 305 0 150 150 0 175 0 182 182 231 231 206 0
6 1 305 0 150 150 0 175 0 230 230 279 279 254 0
7 1 305 0 150 150 0 175 0 278 278 327 327 302 0
8 1 305 0 150 150 0 175 0 326 326 375 375 350 0
9 1 305 0 150 150 0 175 0 374 374 423 423 306 0
10 1 305 0 150 150 0 175 0 412 412 461 461 436 0
11 1 305 0 150 150 0 175 0 460 460 509 509 464 0
12 305 0 150 150 0 175 0 508 506 557 557 533 0
13 1 305 0 150 150 0 175 0 546 546 593 593 568 0
14 1 315 0 150 150 0 175 0 562 582 631 631 616 0
15 1 307 120 275 275 120 95 0 0 0 49 49 24 0
16 1 307 120 275 275 120 95 0 38 38 87 87 62 0
17 1 307 120 275 275 120 95 0 86 86 135 135 110 0
18 1 307 120 275 275 120 95 0 134 134 183 183 158 0
19 1 307 120 275 275 120 95 0 182 182 231 231 206 0
20 1 307 120 275 275 120 95 0 230 230 279 279 254 0
21 1 307 120 275 275 120 95 0 278 278 327 327 302 0
22 307 120 275 275 120 95 0 326 326 375 375 350 0
23 1 307 120 275 275 120 95 0 374 374 423 423 398 0
24 1 307 120 275 275 120 95 0 422 422 481 481 456 0
25 1 307 120 275 275 120 95 0 480 480 529 529 504 0
26 1 307 120 275 275 120 95 0 528 528 577 577 552 0
27 1 307 120 275 275 120 95 0 576 576 603 603 578 0
28 1 307 120 275 275 120 95 0 602 602 651 651 626 0
S e x ta n t  5
1 1 336 0 60 60 0 30 0 40 40 200 200 230 0
2 5 325 0 50 50 0 25 0 120 120 270 270 310 0
3 2 316 0 60 60 0 30 0 260 260 410 410 450 0
4 2 322 0 60 60 0 30 0 370 370 520 520 560 0
5 1 330 0 60 60 0 30 0 410 410 560 560 360 0
6 1 325 40 190 190 40 15 0 20 20 70 70 45 0
7 3 313 30 185 185 30 30 185 55 55 210 210 55 210
8 3 342 30 185 185 35 180 30 175 175 330 330 175 330
9 3 356 30 185 185 30 30 185 305 305 460 460 305 460
10 3 346 30 185 185 30 30 185 435 435 590 590 435 590
11 1 316 40 190 190 40 15 0 560 560 610 610 585 0
12 1 335 150 300 300 150 125 0 25 25 75 75 50 0
13 3 356 150 305 305 150 305 150 55 55 210 210 55 210
14 3 335 150 305 305 150 150 305 175 175 320 320 175 330
15 3 325 150 305 305 150 305 150 305 305 440 440 305 460
16 3 335 140 295 295 140 140 295 435 435 590 590 435 590
17 1 326 150 300 300 150 125 0 540 540 590 590 565 0
18 1 330 260 410 410 260 235 0 20 20 70 70 45 0
19 3 313 255 410 410 255 410 255 55 55 210 210 55 210
20 3 343 255 410 410 255 410 255 175 175 330 330 175 330
21 3 355 255 410 400 255 255 410 305 305 460 460 305 460
22 3 345 255 410 400 255 255 410 435 435 590 590 435 590
23 1 313 260 410 410 260 235 0 560 560 6 10 610 585 0
S e x ta n t  6
1 1 307 0 150 150 0 175 0 0 0 50 50 25 0
2 1 307 0 150 150 0 175 0 49 49 99 99 74 0
3 1 307 0 150 150 0 175 0 98 96 148 148 123 0
4 1 307 0 150 150 0 175 0 147 147 197 197 172 0
5 1 307 0 150 150 0 175 0 196 196 246 246 221 0
6 1 307 0 150 150 0 175 0 245 245 295 295 270 0
7 1 307 0 150 150 0 175 0 294 294 344 344 319 0
8 1 307 0 150 150 0 175 0 343 343 393 393 368 0
9 1 307 0 150 150 0 175 0 382 382 432 432 407 0
10 1 307 0 150 150 0 175 0 441 423 473 473 448 0
11 1 307 0 150 150 0 175 0 480 472 522 522 497 0
12 1 307 0 150 150 0 175 0 529 519 569 569 544 0
13 1 307 0 150 150 0 175 0 572 558 608 608 583 0
14 1 307 0 150 150 0 175 0 602 592 642 642 617 0
15 1 305 130 280 280 130 105 0 10 10 60 60 35 0
16 1 305 130 280 280 130 105 0 59 59 109 109 84 0
17 1 305 130 280 260 130 105 0 108 108 156 158 133 0
16 1 305 130 280 280 130 105 0 157 157 207 207 162 0
19 1 305 130 280 280 130 105 0 206 206 256 256 231 0
20 1 305 130 280 260 130 105 0 255 255 305 305 280 0
21 1 305 130 280 260 130 105 0 294 294 344 344 319 0
22 1 305 130 280 280 130 105 0 343 343 393 393 368 0
23 1 305 130 260 280 130 105 0 382 382 432 432 417 0
24 1 305 130 280 280 130 105 0 431 431 481 481 456 0
25 1 305 130 280 280 130 105 0 480 480 530 530 505 0
26 1 305 130 280 280 130 105 0 529 529 579 579 554 0
27 1 315 123 273 273 123 98 0 591 591 647 647 622 0
28 1 315 121 271 271 121 97 0 621 621 671 671 646 0
Table B.2. The layout of the muon counters in sextants 4 - 6 .
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C ra te S lo t C h a n n e l S x tn t P M T # P M T  T y p e C r a te S lo t C h a n n e l S x tn t P M T # P M T  T y p e
16 20 0 1 18 21 32 4 1 1
18 20 2 4 18 21 33 4 2 1
18 20 2 1 3 4 18 21 34 4 3 1
18 20 3 4 16 21 35 4 4 1
18 20 4 1 5 5 18 21 36 4 5 1
18 20 5 1 6 5 16 21 37 4 6 1
16 20 6 1 7 5 18 21 38 4 7 1
18 20 7 1 8 5 18 21 39 4 8 1
18 20 8 1 9 5 18 21 40 4 9 1
18 20 9 1 10 5 18 21 41 4 10 1
18 20 10 1 11 5 18 21 42 4 11 1
18 20 11 1 12 5 18 21 43 4 12 1
16 20 12 1 13 5 16 21 44 4 13 1
18 20 13 14 5 18 21 45 4 14 1
18 20 14 15 5 18 21 46 4 s p a re
16 20 15 1 16 5 16 21 47 4 s p a re
18 20 16 1 17 1 18 21 48 4 15 1
18 20 17 18 1 18 21 49 4 16 1
18 20 18 1 19 1 18 21 50 4 17 1
18 20 19 1 20 1 18 21 51 4 18 1
18 20 20 1 21 1 18 21 52 4 19 1
18 20 21 22 1 18 21 53 4 20 1
18 20 22 1 23 1 18 21 54 4 21 1
18 20 23 1 24 1 18 21 55 4 22 1
18 20 24 1 25 1 18 21 56 4 23 1
18 20 25 1 26 1 18 21 57 4 24 1
18 20 26 1 27 1 16 21 58 4 25 1
18 20 27 1 28 1 18 21 59 4 26 1
18 20 28 1 29 1 18 21 60 4 27 1
16 20 29 1 30 1 18 21 61 4 28 1
18 20 32 2 1 3 16 22 0 5 1 1
18 20 33 2 2 3 22 1 5 2 5
18 20 34 2 3 3 18 22 2 5 3 2
18 20 35 2 4 3 18 22 3 5 4 2
18 20 36 2 5 3 18 22 4 5 5 1
16 20 37 2 6 2 18 22 5 5 6 1
18 20 38 2 7 5 18 22 6 5 7 3
18 20 39 2 8 5 16 22 7 5 8 3
18 20 40 2 9 2 16 22 8 5 9 3
18 20 41 2 10 2 18 22 9 5 10 3
18 20 42 2 s p a re 18 22 10 5 11 1
18 20 48 2 11 18 22 16 5 12 1
18 20 49 2 12 2 18 22 17 5 13 3
18 20 50 2 13 2 18 22 18 5 14 3
18 20 51 2 14 2 16 22 19 5 15 3
18 20 52 2 15 2 18 22 20 5 16 3
18 20 53 2 16 3 18 22 21 5 17 1
18 20 54 2 17 3 18 22 22 5 18 1
18 20 55 2 18 3 18 22 23 5 19 3
16 20 56 2 19 3 18 22 24 5 20 3
18 20 57 2 20 3 18 22 25 5 21 3
18 20 58 2 s p a re 18 22 26 5 22 3
18 20 59 2 s p a re 18 22 27 5 23 1
16 21 0 3 1 1 18 22 32 6 1 1
18 21 1 3 2 4 18 22 33 6 2 1
18 21 2 3 3 4 16 22 34 6 3 1
18 21 3 3 4 2 18 22 35 6 4 1
18 21 4 3 5 1 18 22 36 6 5 1
18 21 5 3 6 1 18 22 37 6 6 1
18 21 6 3 7 5 16 22 38 6 7 1
18 21 7 3 8 5 18 22 39 6 6 1
18 21 6 3 9 3 18 22 40 6 9 1
18 21 9 3 10 3 16 22 41 6 10 1
18 21 10 3 11 3 16 22 42 6 11 1
18 21 11 3 12 3 18 22 43 6 12 1
18 21 12 3 13 3 18 22 44 6 13 1
18 21 13 3 s p a re 16 22 45 6 14 1
18 21 16 3 14 2 18 22 48 6 15 1
18 21 17 3 15 2 18 22 49 6 16 1
18 21 18 3 16 2 16 22 50 6 17 1
18 21 19 3 17 2 18 22 51 6 16 1
18 21 20 3 18 2 18 22 52 6 19 1
18 21 21 3 19 2 18 22 53 6 20 1
18 21 22 3 20 2 18 22 54 6 21 1
16 21 23 3 21 2 18 22 55 6 22 1
18 21 24 3 22 2 18 22 56 6 23 1
18 21 25 3 23 2 18 22 57 6 24 1
18 21 26 3 24 2 18 22 58 6 25 1
18 21 27 3 25 2 18 22 59 6 26 1
18 21 28 3 26 2 18 22 60 6 27 1
18 21 29 3 27 2 18 22 61 6 28 1
18 21 30 3 28 2 18 22 62 6 s p a re
18 21 31 3 29 2 18 22 63 6 s p a re
Table B.3. The muon counter/discrim inator channel mapping.
B .4  M onitoring
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The components of the AMY detector axe constantly checked to insure proper 
performance. Cosmic ray d a ta  runs are taken before each period of physics run­
ning at TRISTAN. W ith  the use of these data, the performance of the muon 
scintillation counters (as well as all the other components) is evaluated and any 
problems are corrected before the run s tart.
The counters are also m onitored regularly during d a ta  taking by diagnostic 
program s th a t check for noisy or dead channels. A noisy channel appears as a 
spike in the Counter Number vs. Number of Hits histogram  plot as in Figure B.3 
while a  dead channel does not register any hits. A noisy channel is corrected by 
lowering the operating voltage an d /o r rewrapping the PM T. A dead channel is 
norm ally due to  a broken or defective PM T or a  bad electronics channel which 
m ust be replaced. Fortunately the problem of dead channels seldom occurs. A 
typical physics run  where the counters axe performing well is illustrated in Figure 
B.4. The plots show th a t all counters are alive and there are no noisy channels.
On-line diagnostic program s are also utilized to  m onitor, among other things, 
the high voltage settings of the muon chamber and the muon counter power 
supplies. If any of the power supplies trip , an audible alarm  is issued by the on­
line system  which prom pts the shift person in the control room to reset the  supply. 
At the end of every run, a  run  summaxy is ou tpu t which contains information on 
the efficiencies of the muon chambers and muon counters. This sum m ary notes 
any new dead or noisy muon channels for the attention of the people responsible 
for m aintaining the muon detector.
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Figure B.3: The Number of h its vs. Counter Number during a cosmic ray run.
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Figure B.4: The Number of hits vs. Counter Number during a physics run.
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